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Abstract 
The Mekong is the most productive river fishery in the world, and such as, the 
Mekong River Basin (MRB) is very important to very large human populations 
across the region as a source of revenue (through fishing and marketing of aquatic 
resources products) and as the major source for local animal protein. Threats to 
biodiversity in the MRB, either to the fishery sector itself or to other sectors are a 
major concern, even though currently, fisheries across this region are still very 
productive. If not managed properly however, fish population declines will cause 
significant economic impact and affect livelihoods of local people and will have a 
major impact on food security and nutrition.  
Biodiversity declines will undoubtedly affect food security, income and socio-
economic status of people in the MRB that depend on aquatic resources. This is an 
indicator of unsustainable development and hence should be avoided. Genetic 
diversity (biodiversity) that can be measured using techniques based on DNA 
markers; refers to variation within and among populations within the same species or 
reproductive units. In a population, new genetic variation is generated by sexual 
recombination contributed by individuals with mutations in genes and chromosomes. 
Over time, populations of a species that are not reproducing together will diverge as 
differential impacts of selection and genetic drift change their genetic attributes. For 
mud carp (Henicorhynchus spp.), understanding the status of breeding units in the 
MRB will be important for their long term persistence, sustainability and for 
implementing effective management strategies. 
Earlier analysis of stock structure in two economically important mud carp species 
(Henicorhynchus siamensis and H. lobatus) in the MRB completed with mtDNA 
markers identified a number of populations of both species where gene flow had 
apparently been interrupted or reduced but applying these data directly to 
management unit identification is potentially compromised because information was 
only available about female dispersal patterns. The current study aimed to address 
this problem and to fully assess the extent of current gene flow (nDNA) and 
reproductive exchange among selected wild populations of two species of carp 
(Henicorhynchus spp.) of high economic importance in the MRB using combined 
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mtDNA and nDNA markers. In combination, the data can be used to define effective 
management units for each species. 
In general, nDNA diversity for H. lobatus (with average allelic richness (A) 7.56 and 
average heterozygosity (Ho) 0.61) was very similar to that identified for H. siamensis 
(A = 6.81 and Ho = 0.75). Both mud carp species show significant but low FST 
estimates among populations as a result of lower genetic diversity among sampled 
populations compared with genetic diversity within populations that may potentially 
mask any ‘real’ population structure. Overall, population genetic structure patterns 
from mtDNA and nDNA in both Henicorhynchus species were largely congruent. 
Different population structures however, were identified for the two Henicorhynchus 
species across the same geographical area. Apparent co-similarity in morphology and 
co-distribution of these two relatively closely related species does not apparently 
imply parallel evolutionary histories. Differences in each species population structure 
likely reflect historical drainage rearrangement of the Mekong River. The data 
indicate that H. siamensis is likely to have occupied the Mekong system for much 
longer than has H. lobatus in the past. Two divergent stocks were identified for H. 
lobatus in the MRB below the Khone Falls while a single stock had been evident in 
the earlier mtDNA study. This suggests that the two Henicorhynchus species may 
possess different life history traits and that different patterns of gene flow has likely 
influenced modern genetic structure in these close congeners. 
In combination, results of the earlier mtDNA and the current study have implications 
for effective management of both Henicorhynchus species across the MRB. 
Currently, both species are essentially treated as a single management unit in this 
region. This strategy may be appropriate for H. lobatus as a single stock was evident 
in the main stream of the MRB, but may not be appropriate for H. siamensis as more 
than a single stock was identified across the same range for this species. 
Management strategies should consider this difference to conserve overall 
biodiversity (local discrete populations) and this will include maintaining natural 
habitat and migration pathways, provision of fish sanctuaries (refuges) and may also 
require close monitoring of any stock declines, a signal that may require effective 
recovery strategies. 
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Chapter 1: General introduction 
With human populations expanding rapidly, demand for animal protein from fish and 
shellfish around the world has also increased significantly. In particular, fish provide 
the major affordable protein resource for large human populations in many parts of 
the developing world, notably in the Asia and Pacific regions. Thus, pressure on wild 
fish resources has increased rapidly worldwide with sustainable exploitation into the 
future requiring wild resources to be managed effectively (Wenne et al. 2007; Çiftci 
and Okumus 2002). 
A major problem in modern fisheries has been significant declines in wild fish stocks 
due to over exploitation, increasing pollution levels and human associated activities 
including impacts of new dam construction (Çiftci and Okumus 2002). For effective 
fisheries management and conservation, it will be critical to determine the scale at 
which wild fish stocks should be managed. A ‘stock’ is a biological population that 
exchanges genes naturally as a consequence of shared reproduction (Carvalho and 
Hauser 1994), and as such, individuals belonging to a stock will co-evolve over time 
and share a unique set of genetic attributes different from other stocks or discrete 
reproductive units (Slatkin 1987; Begg and Waldman 1999; Stephenson 1999; Fraser 
and Bernatchez 2001). Failure to clarify real stock structure can contribute to 
changes in the biological attributes of populations including changes in population 
size, declines in productivity and reductions in genetic diversity levels (Begg, 
Friedland and Pearce 1999). Over time, these processes are likely to reduce a 
population’s ability to adapt to changing environmental conditions and may result in 
local or even more widespread extinction events. Aquaculture and fisheries 
management practices, when combined with appropriate genetic studies can 
contribute to development of optimal management strategies for unique fish gene 
pools (Wenne et al. 2007). 
Until recently, management units for most fish stocks were not often defined using 
genetic attributes but relied almost solely on defining morphological similarities and 
these data were then used to infer genetic similarity (Begg and Waldman 1999). 
Management units can be defined as a group of individuals that are functionally 
independent but that are phylogenetically not different from each other (PalsbØll, 
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Berube and Allendorf 2007). Although management units can in some cases be 
simplified by habitat boundaries, it can often be difficult to recognize “a real’ 
physical boundary among stocks of widespread species, migratory species or species 
with continuous distributions such as is the case for many aquatic species. Hence, it 
can be difficult to define ‘real’ populations without defining their individual 
population structures (DeYoung 2007). Knowledge of population structure is 
therefore important for successful management of wild populations for conservation 
purposes and to allow ongoing sustainable harvesting by human populations. 
Knowing the real population structure allows action to be taken if stock depletion 
results from environmental disturbance, either natural or anthropogenic (overfishing 
or overharvesting).  
1.1. Population structure and gene flow 
There are four primary evolutionary forces that can alter the distribution of alleles 
and their relative frequencies in space and time, namely: natural selection, mutation, 
random genetic drift and gene flow, that in combination will determine population 
structure. One way of demonstrating the importance of a species’ ecological 
characteristics and their impact on its evolution is to measure the relationship 
between dispersal capability and the extent of natural population genetic 
differentiation (population structure). Much of the science of population genetics 
attempts to do this as it examines how micro-evolutionary processes affect gene 
frequencies in species over historical timeframes. A comprehensive understanding of 
microevolution requires measurement of how gene flow (genes moving among 
populations) combine with genetic drift, mutation and natural selection to affect 
population structure (Bohonak 1999). As a basic resource for natural selection to act 
upon, genetic differences among individuals within a population are an indication of 
a population’s potential for adaptation to environmental change or even to speciate in 
the future. Inference about population structure based simply however, on gene flow 
may not be appropriate if a population has not been present at a site for sufficient 
time to achieve a balance between the effects of gene flow and genetic drift. Thus 
population structure can be affected by multiple processes including historical factors 
(e.g. founder effects or vicariance events) (Bohonak 1999). 
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Population structure and individual dispersal ability have been studied in many 
species including marine organisms that vary in patterns of development and 
behaviour. Many studies have shown that the distribution of genetic variation both 
within and among species is often closely related to their individual life-history traits 
(in particular dispersal behaviour and reproductive traits) (Hueter et al. 2005). For 
example, populations that are genetically homogeneous over large spatial scales 
often show high dispersal capability, a trait that is often found in species that have 
pelagic eggs and/or larvae or a planktonic stage in their lifecycle, while population 
heterogeneity over smaller spatial scales is commonly related to reduced dispersal 
ability (Doherty, Planes and Mather 1995; Giacomo 2000). Actual individual 
dispersal ability however, may never be realised, due to physical, chemical and/or 
biological constraints on dispersal. In addition, although many external barriers to 
dispersal can be overcome, natural selection may produce local adaptation so that 
dispersing individuals are poorly-adapted to new local conditions (Palumbi 1994). In 
general, studies support the notion however, that levels of dispersal and gene flow 
are generally higher in marine species than in most comparable freshwater species 
(Waples 1998) due to the greater discontinuity of freshwater habitats. 
A number of factors can influence gene flow in marine populations and include: 1) 
historical factors such as tectonic events that cause geographical isolation in an area 
inhabited by a population (Williams et al. 2002); 2) relative individual dispersal 
ability or strategies (Riginos and Victor 2001; Galarza et al. 2009; Iwamoto et al. 
2009); 3) local adaptation to environmental conditions (Fraser and Bernatchez 2005); 
and 4) potential for successful gamete recognition (Van Doorn, Luttikhuizen and 
Weissing 2001). The above factors can often play a role in influencing population 
structure in both marine (Palumbi 1994) and freshwater species (Carini and Hughes 
2004). Although geographical features such as ocean floor topography and ocean 
currents may cause isolation and differentiation of some marine species, in general 
these features do not inhibit migration and dispersal significantly in many marine 
species. This is because many marine species evolve and extend their pelagic larvae 
stage and/or enhance their migration ability as adults to disperse in the marine 
environment (Waples 1998). 
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Many studies have assessed natal philopatry in vertebrate species that migrate 
seasonally, including salmonoids, sea turtles, marine mammals, and some birds 
(Lyrholm et al. 1999; Weimerskirch and Wilson 2000; Wenburg and Bentzen 2001; 
Sheridan et al. 2010). In some instances, species can be subdivided genetically into 
different groups even when they have overlapping spawning distributions. Genetic 
drift in subpopulations may cause allele frequencies to change that may ultimately 
result in the development of reproductive isolation, as a consequence separate groups 
will evolve a unique genetic profile. Genetic drift effects will be reduced or 
eliminated however, if gene flow is extensive and connects reproductive groups. This 
process will tend to homogenise allele frequencies among groups. The extent of 
deviation from natal philopatric behaviour will ultimately determine how different 
populations will be in different breeding locations (Hueter et al. 2005). 
In each generation, the relative extent of interbreeding between reproductive groups 
can be estimated by assessing levels of population differentiation (significant allele 
frequency variation among reproductive groups estimated with FST). From this we 
can infer model-specific gene flow patterns and population structure. Genetically 
distinct groups may be indicated if interbreeding of migrants per generation (Nm) is 
less than one, whereas if Nm estimates are greater than 10 migrants per generation, 
this would suggest sufficient gene flow to avert the effect of genetic drift (Vucetich 
and Waite 2000). Where the number of migrants per generation is moderate (several 
individuals), this can reduce FST estimates to a level that may not be sufficient to 
identify populations as discrete reproductive groups. This is one major drawback of 
genetic approaches to predicting individual dispersal and identifying sources of 
recruitment (Hueter et al. 2005).  
Despite the diversity of factors that can influence inter-population genetic 
divergence, there are approaches that can be used to improve signal detection (to 
minimise the error). To control intra-locus error, the number of individuals per site 
examined can be increased, however this may make the study more difficult and 
expensive to handle. Inter-locus error can also be reduced by using more independent 
loci. The precision between expectations (theory) and reality is more reliable using 
multiple rather than single loci, especially for highly dispersive species (Waples 
1998). 
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1.2. Gene flow estimation 
In general, FST provides a reliable indirect method for estimating the relative impacts 
of gene flow. In some conditions, however, results may differ caused by differences 
in inheritance patterns between organellar and nuclear markers that can be employed 
to estimate FST (Hueter et al. 2005). Where philopatric behaviour occurs in females 
but not in males in a particular group or at specific spawning locations, this may be 
evident in relatively high FST estimates for a mtDNA marker but low estimates in 
equivalent nuclear markers. For example, in sea turtles natal homing has been 
observed for females after mating with males from a different natal locality 
(FitzSimmons et al. 1997). Similarly, whale species are often structured into 
maternal groups that mate only with males from outside the group (Lyrholm et al. 
1999). In contrast, for blacktip reef sharks, nDNA and mtDNA markers showed no 
significant difference in FST estimates for the two markers types indicating that 
dispersal behaviour of males and females was similar (Keeney et al. 2003).  Low FST 
estimates observed among blacktip reef shark populations were explained by 
occasional deviations from female philopatry such that, while most females return to 
a specific birthplace to spawn, some females strayed to nearby sites. Therefore, the 
blacktip reef shark is considered to be less philopatric to natal site than some turtle or 
whale species (Hueter et al. 2005). Localized population declines may result from 
intense fishing activities in areas where targeted fish species show specific 
philopatric behaviour. As a result, genetic biodiversity may be lost, and this can be 
detrimental to long-term persistence of these populations (Hueter et al. 2005). 
In many instances, biologists are interested in estimating dispersal directly (e.g. via 
tagging, etc.) but this can be difficult and expensive, so many use indirect approaches 
(genetic markers) to estimate gene flow instead. This approach can provide more 
accurate data in some situations compared with the direct approach. Lack of power 
for estimating modern gene flow patterns using current analytical methods due to 
limitations on the genetic models being used, can however lead to inaccurate 
predictions of gene flow. This can be a weakness of the indirect approach for gene 
flow estimation (Bossart and Prowell 1998). Additional statistical analyses can be 
performed to estimate gene flow, based on FST and Nm values while relationships 
between geographical distance and genetic distance can also be measured, producing 
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three possible result scenarios, firstly, genetic homogeneity among populations (due 
to extensive, ongoing gene flow and/or effects of balancing selection acting, and/or 
loss of marker resolution) and secondly, significant population structure, but without 
a correlation with geographical structure. Discrepancies between FST and Nm 
estimates can also result from differences in the statistical methods used to estimate 
them, including FST versus GST, which may not always be equivalent to Nm values 
and may also result from demographic fluctuations. GST is an analog of FST that can 
be applied when there are multiple loci analysed. When both GST and FST have 
ranges (1-2%) such as among many populations of widespread marine species, 
caution may be necessary when making management decisions because outcomes 
may result from sampling noise (Jost 2008). Lastly, significant population structure 
as well as geographical structure may have arisen due to vicariant events or isolation 
by distance among sites.  
FST estimates range between 0 and 1, where values approaching 0 indicate that the 
populations compared, constitute a single large panmictic breeding unit with high 
levels of gene flow among locations. Large to moderate levels of gene flow are 
inferred when FST values range between 0.05 - 0.15, while when FST values range 
between 0.15 - 0.25 this suggests that gene flow is insufficient to stop populations 
differentiating. FST values greater than 0.25 suggest that levels of gene flow are very 
limited and as FST approaches 1, gene flow is non-existent (Balloux and Lugon-
Moulin 2002) and the observed populations will be completely different, genetically. 
While these provide only generalised inferences about how to interpret FST values, it 
is important to understand that any FST estimate based on allele frequency data will 
be affected by the relative levels of variation present within versus among sampled 
populations and estimates are also influenced by the relative levels of variation 
present at sampled loci and the marker type employed. Where there is a large amount 
of variation present within a sampled population, this can sometimes mask 
differentiation among populations so that FST estimates can be relatively low among 
the populations sampled while still being statistically significant (Hellberg 2009). 
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1.3. Phylogeography and genetic structures of 
freshwater species 
Phylogeography as a new science was developed in the late 1980s and studies 
correlations between genes and geography, and correlates patterns of molecular 
variation with geographical data to develop and test hypotheses about the evolution 
of populations and species over evolutionary time (Avise 2000); therefore it can be 
used to infer geographical structure as well as gene flow (Roderick 1996). To 
minimize genetic erosion and to preserve sub-specific distinctiveness, knowledge 
about the evolutionary history and genetic status of species is needed so that 
conservation goals and effective management strategies can be designed and 
implemented (Hedrick 2001). Population structure is shaped by historical and 
contemporary factors that influence population biogeography and demography, and 
some general patterns have been proposed (Templeton 1998; Bernatchez 2001; 
Knowles and Maddison 2002). Gene frequency patterns overlaid on geographical 
distributions and correlated with historical changes in climate and topography. 
provide the foundation for inferring the evolutionary histories of target species 
(Bernatchez 2001). 
The basis for inferring the evolutionary history of a population or a species is 
obtained by determining the genetic relationships among individuals and the extent 
to which differences exist among them. Patterns of relatedness result from processes 
that occur at two time scales: over evolutionary time (large-scale changes influenced 
by environmental factors) and ecological time, over which population processes (e.g. 
migration, local extinction and colonization) happen. The main purpose of 
evolutionary biology is to reveal the interactions and evaluate the significance of 
these distinct processes (Martin and Simon 1990). It is necessary therefore, to 
understand historical events that could be responsible for landscape change and to 
identify geographical sites that have been isolated in evolutionary time as they 
provide information for conservation purposes. These data can be used to delineate 
evolutionary significant units (ESU) (Moritz 1994a; Fraser and Bernatchez 2001).  
Comparative phylogeography attempts to explain the distribution of modern taxa in 
the context of biological, geological and climatic factors by providing evidence that 
various species that share common patterns must have experienced similar extrinsic 
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environmental factors that have shaped their modern biogeographical distribution 
patterns. In parallel, differences among them are a sign that they have experienced 
different external environments. Therefore where groups of taxa have similar 
distributions and share the same history of diversification, this allows inferences to 
be made about the common importance of biological vs. environmental factors that 
have influenced their evolution (Bermingham and Martin 1998). 
Five generalised phylogeographical patterns (see Figure 1.1) categorized as I to V 
have been identified based on phenotypic differences, mtDNA patterns, and 
geographical distributions of samples (Avise 2000). Robust genetic structure is 
evident in type I and II patterns (for intraspecific allopatric lineages (category I) and 
sympatric lineages (category II) over long term evolutionary times), while only 
limited genetic structure among clades is evident in categories III, IV and V. When 
there are constraints on gene flow (category I) or extensive gene flow (category II) 
among different regions that is present long enough for new mutations to accumulate 
in isolation in separated lineages (in genetically different clades), deep gene trees 
will be identified, while a shallow gene tree will be evident among populations and 
regions with low gene flow (category III) or high gene flow (category IV). Category 
V is an intermediate category (between III and IV) where common lineages are 
widespread and closely related that inhabit one or several locations but with low 
levels of gene flow. Different clades that are specific to discrete regions will be 
evident in category I, but in category II, sympatric divergent lineages will be found 
in all regions. A variety of statistical approaches can be used to determine likely 
factors, both intrinsic and extrinsic to the organism that lead to each of the categories 
of phylogeographic pattern (I to V) in nature (Templeton 1998). Intraspecific 
phylogeography therefore examines the evolutionary history of a population in space 
and time (Templeton 2009)  by reconstructing the major events that have ultimately 
shaped a taxon’s modern genetic diversity levels and population structure. 
In lotic ecosystems, stream current pattern, river topography and habitat 
fragmentation can influence dispersal processes (Hurwood and Hughes 1998; 
Gutierrez-Rodriguez et al. 2007). Although there can be risks associated with 
dispersal such as potential for predation during the migration process and exposure to 
new hostile environments, there are a number of important reasons why dispersal can 
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be a major component of the life cycles of fish and other taxa, including to reduce 
aggression from the same or other species, to prevent inbreeding or to colonize 
refuge areas due to temporal habitat changes (Lucas and Baras 2000). Changes in 
stream current flow direction into adjacent drainages (drainage rearrangement) due to 
geological or hydrological events such as erosion in the past may cause populations 
in different river system to be more closely related genetically compared with 
populations within the same river (Hurwood and Hughes 1998; Gutierrez-Rodriguez 
et al. 2007).  
 
Figure 1.1. Illustration showing the five categories for deep and shallow lineages of 
population structure as defined by Avise (2000). Capital letters represent particular 
haplotypes, geographic regions are indicated as regions 1, 2 & 3. The haplotypes are 
connected with lines forming a network and mutational changes (substitutions) 
between haplotypes are indicated by slashes across connecting lines. Large number 
of substitutions indicate deep divergences, few substitution indicate shallow 
divergences (from Avise 2000, p. 137). 
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Within rivers, modern dispersal (gene flow) is often influenced by topography 
including extent of stream connectivity and can be impeded by poor fitness of hybrid 
individuals where they occur (Suk and Neff 2009). Populations of freshwater fish are 
often structured spatially, particularly among river basins. Historical isolation due to 
climatic fluctuations during the Pleistocene that changed mean sea levels (up to 120-
140 m below the current level) provided major changes to the geographical 
distributions (changing connectivity within and among drainages) and relative 
abundances of many freshwater fish taxa including Cyprinids in Asia. Thus, even 
without explicit barriers to gene flow, several independent events may produce 
similar patterns of population genetic structure (Zhao et al. 2008). 
Connectivity among populations can also be affected by the habitat occupied 
(upstream versus downstream habitat) as well as by geographical distance. 
Populations that inhabit upstream environments are more likely to be structured 
because upstream movement often requires greater effort or energy than movement 
downstream in a river. Similarly, large geographical distances can restrict gene flow 
and isolate populations separated in space. Thus the genetic structure of fishes that 
live in the river may often not be expected to follow a simple stream hierarchical 
model, where levels of gene flow and connectivity vary with geographical distance 
that separates locations within the system. The larger the physical stream distance 
among sites the more sites are likely to be isolated and genetic structure will hence 
likely follow hierarchical patterns that describe the distribution among populations 
nested within the drainage (Meffe and Vrijenhoek 1988; Hellberg 2009). 
Single large panmictic populations are more likely to be observed in fish species with 
a long migratory phase that allows genes to be exchanged over large spatial scales, in 
contrast to species with only limited or no larval dispersal within a continuous 
drainage system (no physical barriers), although different patterns have also been 
reported (Piorski et al. 2008). Genetic structuring of populations can result when 
homing behaviour to a natal site is a heritable trait, a situation that is well 
documented in many salmonids (Shields et al. 2005) while in herrings this results 
from spawning waves (i.e. different cohorts produced at different spawning times at 
the same natal site) (Jorgensen et al. 2005). Both, homing or spawning wave 
behaviour are considered to produce genetic differentiation among fish cohorts by 
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contributing to segregation and divergence of sub populations during the spawning 
season (Piorski et al. 2008).  
Freshwater species often experience more obstacles to natural dispersal than do 
equivalent marine species so that freshwater species are often structured spatially. 
Therefore some studies have suggested that most freshwater species will often 
possess higher population diversity than will equivalent marine species (Ward, 
Woodwark and Skibinski 1994). Genetic isolation may result from physical barriers; 
where dispersal of fully aquatic species is constrained by drainage system boundaries 
that isolate populations from each other by land or sea barriers or even simply by 
physical distance. Secondly, environmental barriers such as in-stream waterfalls or 
impoundments and the uni-directional flow of a river can also restrict dispersal. 
Lastly, biological barriers to individual dispersal related to factors intrinsic to the 
species (e.g. their reproductive biology, physical attributes and/or behaviour) may 
either limit or enhance dispersal potential compared with other freshwater species 
that inhabit the same environment (Hurwood, Adamson and Mather 2008). Some 
freshwater species, due to their ability to tolerate different salinity gradients, have 
similar genetic structures to comparable marine species and are expected to show 
less genetic structure than will wholly freshwater species (Hurwood and Hughes 
1998). To assess whether tolerance to salinity in some subgroups indicates their 
ability to disperse, comparative studies with other sibling groups are required by 
looking at historical evidence and current distributions of such organisms. The 
existence of one or several freshwater species that can sometimes disperse a few 
hundred metres to saline water (marine environment) does not suggest necessarily 
however, an ability to transverse over hundreds or even thousands of miles across the 
open ocean (Hellberg 2009). 
Gene flow and dispersal potential are also affected by relative larval dispersal 
capability. Species with planktonic larval stages tend to disperse greater distances 
than species with lecithotrophic larvae (food supply depends on yolky egg) due to an 
ability to find their own food (longer planktonic stage) and to be spread by water 
currents and wind (Hellberg 2009). Bohonak (1999) reported a negative correlation 
between pelagic larval duration and genetic structure where homogeneous 
populations are likely to possess a longer larval phase (higher potential to disperse) a 
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result that contrasted the findings of a study by Bowen et al. (2006). In general, 
species that possess larval forms with low dispersal potential will show subdivided 
populations, but they may also possess greater potential to colonise vacant habitat by 
maintaining progeny within the same habitat area. Habitat specificity of an organism 
may also have stronger effects on subdivision than will life experience, therefore 
understanding the effects of common larval characteristics on population structure is 
important (Hellberg 2009). Another challenge for population structure studies in 
aquatic organisms can be the presence of very discrete species that are 
morphologically indistinguishable except after genetic analysis (cryptic species). 
Some taxa can include cryptic species that can only be distinguished genetically. 
Unless, this is resolved initially, when they are considered as a single biological 
entity they will be highly variable and this can lead to incorrect inferences about 
factors that have contributed to the patterns of variation observed (Hellberg 2009).  
Because of a rapid evolution rate and the availability of universal primers that can be 
used across a broad range of taxonomic levels, mtDNA has been used widely as a 
genetic marker in many phylogenetic and phylogeographic studies over recent 
decades (Hurst and Jiggins 2005). Phylogeographic studies of freshwater fish using 
mtDNA markers in general have shown that the majority (57%) can be classified into 
phylogeographical category I (Figure 1.1) that  represent deep divergence among 
drainages which can be attributed to drainage basin evolution over time (isolation or 
fusion of drainages). Some freshwater species also showed patterns consistent with 
category III or V, while category II was poorly represented. In general, these patterns 
conform with our understanding of the physical environmental factors that 
freshwater fishes are exposed to (modern versus historical) and how they impact on 
population structure (Avise 2000). 
Phylogeographical reconstructions however, derived solely from mtDNA genealogy 
can provide a biased view as mtDNA genes are inherited maternally, constitute a 
single linkage group and do not recombine. Furthermore, the gene tree produced 
from mtDNA data may be incongruent with an equivalent population tree due to the 
impacts of lineage sorting (Moore 1995), especially in closely related taxa (Crozier 
1990). As a consequence, inferring the evolutionary history of a species or describing 
intra-population variation based solely on mtDNA genes can pose serious problems 
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because the data are taken from  the history of a single gene not necessarily that of 
the species or the history of a population (Ballard and Whitlock 2004). The addition 
of independent multiple loci from the nuclear genome to address this problem can 
provide the solution (Crozier 1990). Sex-specific differences in gene flow where they 
are present can also be identified by comparing patterns of variation in mtDNA with 
that of nDNA genes in the same populations, where in general, differentiation among 
populations is expected to be higher for mtDNA genes compared with their nDNA 
counterparts (Zhang and Hewitt 2003). 
1.4. Microsatellite markers used for estimating 
population differentiation 
Microsatellites or SSRs are non-coding tandem repeated short DNA sequences (1-8 
bases) that provide important neutral markers for assessing genetic diversity in target 
populations due to their high allelic variation. They are scattered widely and 
randomly across eukaryote genomes and can be scored easily (Féral 2002). Most loci 
provide high allele number (multi-allelic markers) in populations and being nDNA, 
each diploid individual will carry two copies (Qiu-Hong et al. 2004). As they are 
inherited in a co-dominant fashion, they are useful for assessing population 
differentiation in gene flow studies. Longer microsatellite repeats are more 
commonly found in vertebrate than invertebrate species, especially in non-coding 
chromosomal regions (Chambers and MacAvoy 2000). 
While increasingly in recent times, microsatellites markers are being replaced by 
other types of molecular marker including AFLPs and SNPs, for genetic studies of 
plants and animals they still provide important resources for reasons mentioned 
earlier and because they conform to the laws of Mendelian inheritance (O'Connell 
and Wright 1997; Zhang et al. 2002; Zhou, Xie and Ge 2003; Zhang and Hewitt 
2003; Hilde 2004). Other benefits of microsatellite markers for population studies are 
that they can be used to estimate genetic variation within and among populations, to 
record genetic admixture of populations and are efficient for inferring if groups of 
individuals are exchanging genes under normal conditions. They are also useful 
markers for assessing past population genetic bottlenecks and the effects of selection, 
which could have influenced gene frequencies (Bruford, Bradley and Luikart 2003). 
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As a bi-parental nuclear DNA marker, microsatellites undergo recombination during 
the meiosis process, so can provide data on population structure and discrete 
reproductive units based on contributions made by both males and females. 
Microsatellite markers are very useful therefore, for defining genetic structure of 
populations, for testing pedigrees, for assessing genetic diversity levels and for 
studying modern population history (Zhang and Hewitt 2003). They have become the 
preferred tool for application in fisheries stock management, population analysis, and 
biodiversity preservation programs due to their ability to detect differences among 
closely related populations and their efficiency for revealing extensive allelic 
variation (O'Connell and Wright 1997; Romana-Eguia et al. 2004).  
Microsatellite markers have also been used widely in fish species for genetic linkage 
studies with quantitative trail loci (QTLs) e.g. cold tolerance (Sun and Liang 2004) 
and population genetic applications (David et al. 2001; Klaus et al. 2003; Li et al. 
2007; Chauhan et al. 2007). QTL analysis is used to determine interactions of 
specific DNA regions on a chromosome (location and number) and how a sequence 
contributes to a particular phenotypic trait, in order to identify the functional genes 
that control the trait of interest (Liu and Cordes 2004). To date however, they have 
not been widely applied to addressing evolutionary or stock structure questions in 
carp species and in particular, in commercially important carp species in Asia (Yang, 
Zhu and Sun 2008; Adamson et al. 2009).  
While several studies have used microsatellite markers to examine evolutionary 
relationships among subpopulations of species that have been evolving 
independently (Richard and Thorpe 2001; Novick et al. 2003; Koskinen et al. 2002), 
a shortcoming of this approach can be the very high mutation rates and limitations on 
allele size range that can suppress the maximum allelic size a microsatellite locus in 
theory can reach. This constraint can lead to allele homoplasy (Feldman et al. 1997; 
Paetkau et al. 1997; Pollock et al. 1998). Size homoplasy (identical co-migrating 
fragments that are different by descent) due to different mutations producing alleles 
of identical size, can conceal real allelic diversity and if present, levels of 
differentiation among populations may be under-estimated. Therefore, the more 
genetically divergent two populations are, the more likely that phylogenetic 
comparisons based on microsatellite markers will underestimate real levels of 
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population differentiation (Nauta and Weissing 1996; Estoup, Jarne and Cornuet 
2002).  
Traditional approaches for microsatellite marker development in non-model species 
where there is limited genetic information available can be challenging due to the 
time consumed and high cost of library construction ( Guichoux et al. 2011; Wang et 
al. 2012). New approaches including next generation sequencing (NGS) can 
overcome this issue; facilitate sequencing, genotyping and identifying a very large 
number of markers in target species that can significantly benefit biologists and 
ecologists (Davey et al. 2011). Some studies have applied one of these NGS 
approaches (454 pyrosequencing) to generate massive expressed sequence tag (EST) 
datasets or random sheared genomic DNA (genome survey sequence or GSS) 
datasets and have used them to design genetic marker sets including microsatellite 
(SSR) and single nucleotide polymorphism (SNP) markers (Strong and Nelson 2000; 
Vera et al. 2008; Salem et al. 2010; Jung et al. 2011; Iranawati et al. 2012; Wang et 
al. 2012). Recently, NGS technology has been applied to a variety of situations from 
population (Csencsics, Brodbeck and Holderegger 2010; Saarinen and Austin 2010) 
to phylogenetic studies (Jansen et al. 2007). 
1.5. Importance to conservation and management 
Knowledge of modern gene flow, genetic population structure and evolutionary 
history of a species plays an important role in the implementation of management 
and conservation. By knowing the amount of gene flow among populations of a 
species, management unit (MU) boundaries can be delineated, i.e. populations or 
population groups that are functionally independent (with little / no gene flow) but 
phylogenetically are not different (PalsbØll, Berube and Allendorf 2007). The 
recognition of MUs is essential for managing sustainability of populations over 
ecological time frames and to promote their conservation and in general, the 
approach can also be used for population monitoring (Schwartz, Luikart and Waples 
2007) and demographic studies (Moritz 1994b). In fisheries management, the basic 
unit for harvest and management is the ‘stock’; a group of fish that are exchanging 
genes (i.e. a genetic ‘patch’ or local population) (Laikre, Palm and Ryman 2005). 
The complexities of stock structure in many fish species is widely recognized 
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(Stephenson 1999; Waples, Punt and Cope 2008) and management in this case is 
intended to ensure that fishery resources can be exploited continuously, while 
maintaining the long term sustainability of the resource. Therefore, the ability of 
fisheries resources to engage in natural self-recovery should also be considered when 
making management decisions about them (Stephenson 1999; Laikre, Palm and 
Ryman 2005). 
Of relevance to long term conservation management, understanding a population’s 
historical structure is essential to defining Evolutionarily Significant Units (ESUs) 
(Moritz 1994b) i.e.  a species with a significant set of historically isolated 
populations, each unit expressing different genetic variation as well as adaptive 
differences and associated unique evolutionary potential (Moritz 1994b; PalsbØll, 
Berube and Allendorf 2007). MUs were designed as a conservation unit level below 
the ESU, where significant differences in allele frequencies (mitochondrial or 
nuclear) are present without considering the phylogenetic differences of the alleles 
(Moritz 1994b). Following delineation of ESUs, the challenging part is to avoid 
extinction of ESUs and to maintain their long-term viability (Fraser and Bernatchez 
2001) by monitoring four important indicators of population viability; genetic 
diversity, spatial structure, population growth rate and relative abundance (McElhany 
et al. 2000). Populations with high genetic diversity in theory, have high potential to 
persist when confronted with long-term environmental fluctuations and variable 
habitat. Large populations in general have low risk of extinction compared with 
small populations and the capacity of a population to self-recover can be inferred by 
demographic growth rate (McElhany et al. 2000). All of these parameters should be 
considered with caution however, when making management decisions about 
available resources. 
The Mekong River Basin (MRB) has the highest diversity of obligate freshwater fish 
species in Asia estimated at > 1200 species (Poulsen and Valbo-Jørgensen 2000). 
Globally, the MRB is recognized as one of the most productive freshwater systems 
and this makes it very important for food security and nutrition because local human 
populations are large (> 60 million) (Hortle 2007). It has been recognized that more 
than 80% of animal protein consumption by human in this region is derived from 
wild-caught fish and other aquatic animals and based on annual fish consumption 
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and population per capita, recent total fish catch in the Lower Mekong Basin (LMB) 
was estimated to have reached approximately 2.6 million tonnes (estimated value at 
US$ 1.7 billion, about 2% of the total world fisheries catch) (Sverdrup-Jensen 2002; 
Hortle 2007; van Zalinge et al. 2003). This estimate was however, nearly nine times 
over the estimate reported in previous FAO statistics, with other tropical river 
systems showing similar trends (van Zalinge et al. 2003; Cowx et al. 2004). Despite a 
very high exploitation level due to rapid human population growth, there is still 
potential to increase freshwater fish harvests in regions of the Mekong River Basin 
(MRB) where there are relatively small human populations such as in Lao-PDR and 
Cambodia. Since many fish in the MRB are highly dependent on flooding regimes 
and natural environmental alteration of river systems, changes to river flow via 
irrigation and reservoir projects can have a significant impact on fish resource 
sustainability. Parts of the Mekong river system that have been considered to remain 
stable and be freely accessible for fish migrations can now only be found in 
Cambodia (Cowx et al. 2004). Inland fisheries in Cambodia alone rank fourth in the 
world with production of approximately 450,000 tonnes per year and local people in 
Cambodia have the highest fish consumption per capita across the region. Over 55% 
of total fish production in Cambodia is contributed by small-scale fisheries and this 
resource makes a major contribution to food security, especially for local 
communities (Swan and Gréboval 2004). 
Due to rapid human population growth in the MRB however, especially in Cambodia 
where populations are 3 times higher than in the mid-20th century and the majority 
(85%) live in rural areas as fisherman (more than half of the population), fishing 
effort has increased significantly and this has produced increasing negative impacts 
on wild fish stock resources (van Zalinge et al. 2003). Fishing pressure on wild 
stocks in the MRB as a result of more intensive fishing effort is likely to lead to 
serious depletion of local fish resources, especially when coupled with the growing 
practice of illegal fishing using small mesh size nets and electro-fishing (Swan and 
Gréboval 2004). Despite a general lack of reliable data, studies have indicated that 
medium to large fish have become rarer catches in the MRB (van Zalinge et al. 2003; 
Baran and Myschowoda 2008). While annual fish catch trends in the MRB are likely 
to continue to increase, compared with catch effort, total production in 2000 was less 
than half of that obtained in 1994 (Baran, van Zalinge and Bun 2001), a result that is 
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a warning about potential threats to sustainability of Mekong River fisheries and 
aquatic biodiversity across the region. 
1.6. Biology and previous studies of Henicorhynchus 
spp. 
The genus Henicorhynchus form a component of a group of small South-East Asian 
freshwater cyprinid fishes referred to as "white fish" that are known for their long 
distance migratory behaviour. Species in this group possess a migration phase 
ranging from 15 to 25 days with a swimming speed rate of up to 16 - 27 km per day 
(Baird, Flaherty and Phylavanh 2003).  Migrations are used to search for spawning, 
feeding and habitat refuges, and timing of migration is strongly influenced by lunar 
phase. While the basic mechanisms of these phenomena remain obscure, based on 
catchment reports Baird, Flaherty and Phylavanh. (2003) observed that migrations of 
Henicorhynchus spp. are linked to lunar periodicity. Peak season is observed 
monthly around a week before each full moon and annually between January and 
March just before and during the full moon period. Adequate water depth is a 
requirement for spawning in addition to some specific spawning habitat 
requirements, thus some species prefer to spawn in the mid-water of the Mekong 
River while other species spawn on floodplains or in large tributaries. Nursery and 
feeding habitat, especially in flooded areas and refuge habitat in the dry season, is 
located in deeper parts of the mainstream and in the major Mekong tributaries 
(Poulsen et al. 2004). Two common Henicorhynchus species in the MRB include; H. 
lobatus that is smaller in size (up to 15 cm) than H. siamensis (20 cm) (Rainboth 
1996b). Both are herbivores and are currently considered to belong in the same 
genus, Henicorhynchus (Rainboth 1996b), although some recent taxonomic 
confusion placed both species in the Cirrhinus genus (Robert, 1997).  
H. siamensis and H. lobatus are considered to be keystone species in the Mekong 
River, both have a short life cycle (Poulsen et al. 2004) and are reported to be early 
spawning fishes (van Zalinge, Thuok and Nouv 2001; Suvarnaraksha et al. 2011). 
They produce pelagic eggs during the early flood season that are carried by water 
currents to nursing and feeding habitat. During the flood season they grow and by the 
time water levels are declining from the beginning of the dry season, they are 
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believed to migrate into the main Mekong River channel and subsequently to 
disperse to refugial areas. To complete their life cycle, individuals stay in refuge 
areas until they are ready to spawn later in the year during the flood season (Poulsen 
et al. 2004). Jogensen and Poulsen (2000) observed that H. siamensis migrate 
(return) to the Mekong River and move upstream through the Khone Falls (Figure 
3.13) before and during the full moon, at the beginning of the dry season from 
October to December, and then move further upstream between January – February. 
Fish then continue moving upstream during March, but by April, individuals are 
moving in both directions in the main Mekong channel. At the beginning of the rainy 
season in May, they move downstream from the Khone Falls to the lower Mekong 
River and move out into canals and floodplains between August and September.  
In the middle and lower MRB, both (H. siamensis and H. lobatus) are very common. 
21% of the whole inland fish catch in Cambodia each year is contributed by H. 
lobatus, so this species is considered by many people to be the most valuable fish 
species in this region (Baran 2005). H. lobatus yielded 67.5% (together with H. 
siamensis) of the total bag-net fishery in the Tonle Sap River in Cambodia in 1994 
(Lieng, Yim and van Zalinge 1995). H. lobatus is also the most important fish 
species in the Khone Falls area and yielded 45.4% of the total catch from the fence-
filter traps in this region (Baird, Flaherty and Phylavanh 2003). The second most 
abundant species was Paralaubuca typus (33.2%) and the third was H. siamensis that 
provided 5.4% of the total catch (Baird 2011). Effective management of these 
important species therefore in the MRB fishery will ensure that sustainable harvests 
can be maintained, because numbers are still very abundant in the annual river flood 
cycle. 
H. siamensis and H. lobatus in the field are often misidentified because of close 
morphological similarity in their external traits. Based on catch reports, they are not 
easily distinguished by fishermen and are classified simply as small cyprinids, 
although reported relative catches of the two species vary in different regions of the 
MRB (Poulsen and Valbo-Jørgensen 2000). Both species have similar habits in terms 
of migration behaviour, but some populations are reported to migrate long distances 
while others are apparently short-distance migrators, which may cause them to have 
overlapping populations (Poulsen and Valbo-Jørgensen 2000). Over many years of 
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monitoring, fisheries biologist have treated both species as essentially a single stock 
across the MRB and population differences in dispersal potential based on ecological 
studies have been ignored for management purposes. Recent population genetic 
assessments however, of the two species in the MRB using mtDNA markers 
suggested that the two species possess very different population structures, and thus 
in the past, must have had very different evolutionary histories (Hurwood, Adamson 
and Mather 2008; Adamson et al. 2009). Thus simple extrapolations about scale of 
management based on apparent similarities in ecological traits and similar external 
morphologies potentially, may be deceptive and may lead to incorrect conclusions, if 
stock structures are truly divergent in these species. Given the apparent differences in 
stock structure evident in their mtDNA patterns, it is likely that other species in the 
Mekong system could be similarly impacted by incorrect assumptions about the 
effects of common life history traits (Hurwood, Adamson and Mather 2008; 
Adamson et al. 2009). 
The results of mtDNA phylogeographic studies of the two Henicorhynchus species 
are very different from those of Baird, Flaherty and Phylavanh (2003) based solely 
on ecological information, who stated that both species migrate along similar 
dispersal pathways in the Mekong River (both up and downstream). The genetic 
studies suggest that diversity was higher in H. siamensis than in H. lobatus at the 
same location. Nucleotide diversity (θπ) ranged from 0.1429 to 4.152 in H. lobatus, 
with only two out of eleven sites that had a θπ value above 2, while in H. siamensis θπ 
ranged from 1.883 to 6.00 with only one site that had a θπ value below 2. Other 
differences include that in the mainstream Mekong River, H. lobatus formed a single 
stock, while H. siamensis formed 3 different stocks across the same geographical 
range. Furthermore, in the Mun River tributary of the Mekong a highly divergent 
genetic stock of H. lobatus was detected, whereas for H. siamensis only a single 
stock was present in this area (Hurwood, Adamson and Mather 2008; Adamson et al. 
2009). Since however, mtDNA markers can only detect the effects of maternal gene 
flow, if sexes behave differently in terms of the impact of their dispersal patterns, 
inference about gene flow and dispersal patterns and therefore population stock 
structure based solely on mtDNA patterns could be misleading because ongoing gene 
flow may be mediated by the dispersive sex (i.e. male individuals or other factors 
that affect mtDNA diversity).  
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MtDNA data largely provides information about the influence of female behaviour 
on stock structure, therefore it can produce a biased view of real population structure 
if male behaviour is different to that of females (Avise 2000). In contrast, nuclear 
genes are inherited biparentally and so contain a history of dispersal patterns 
averaged from both sexes. Another potential problem with use of mtDNA data in 
isolation is that the mitochondrial genome is essentially a single locus, as such there 
may be insufficient resolution to detect fine scale structure. In addition, if adaptive 
processes at some time have affected variation at the mtDNA locus being screened, 
either directly or indirectly, the patterns observed may not present a true picture of 
the effects of recurrent gene flow over evolutionary or ecological time (Palumbi and 
Baker 1994; Zink and Barrowclough 2008; Forister et al. 2008). Furthermore, actual 
phylogenetic relationships among closely related species can be concealed because 
of mtDNA introgression (Taberlet 1996). A multi-locus nuclear marker (e.g. 
microsatellites) approach however, can address these potential problems (Zink and 
Barrowclough 2008; Forister et al. 2008).  
Despite the shortcomings identified above, many phylogeographic studies of aquatic 
species have benefited from application of just mtDNA markers (Encalada et al. 
1996; Bermingham and Martin 1998; Brunner et al. 2001). Many recent studies now 
however, include comparative analyses of both nuclear and organelle genetic 
markers to infer ‘real’ population structure in a broader context (Buonaccorsi, 
McDowell and Graves 2001; Brown, Baltazar and Hamilton 2005). Combining 
microsatellite and mtDNA analyses of the same populations has proven to be very 
useful for the study of population structure and phylogeography in oysters (Huvet et 
al. 2000), sea turtles (Roberts, Schwartz and Karl 2004) and loggerhead turtles 
(Bowen et al. 2005) and many other species. Since H. siamensis and H. lobatus are 
very important species both to the general ecology of the Mekong River system and 
to the human populations that rely on them as critical resources, it is important to 
develop a comprehensive understanding of their wild stock structure so that 
management plans can be developed that will allow populations to remain at 
sustainable levels into the future. 
Contemporary population structure is likely shaped by various levels of gene flow 
that can be associated with modern and historical events such as with historical 
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geomorphological changes and recent population expansions (Avise 2000). For 
Henichorynchus species, inferences about population structure at fine geographical 
scales based solely on ecological and distributional data that may be evident among 
populations is likely to be inadequate, considering that there have been recent 
drainage amalgamations across the MRB. Based on ecological information, a number 
of small cyprinids in the MRB are considered to be a single taxon (small white fish 
taxa) for management purposes (Baird, Flaherty and Phylavanh 2003; Poulsen et al. 
2004). This ecological information is necessary, however, for effective conservation 
strategies in freshwater systems that experience human anthropogenic disturbance 
(Vrijenhoek 1998; McElhany et al. 2000). Population genetic studies that combine 
molecular and ecological information can define modern stock structure for the two 
target Henichorynchus species here. This information will be important to define the 
scale at which extant populations of two economically important freshwater 
Henichorynchus species should be managed across the Mekong River Basin to 
ensure sustainable stocks for future generations of local people that rely on this 
important natural resource. 
1.7. Current study  
This thesis aims to fully characterise the extent of natural gene flow and genetic 
exchange among selected wild stocks of two important species of mudcarp in the 
MRB. The study will assess whether the stock structures identified in previous 
studies of both species using mtDNA gene markers result from historically 
disconnected populations that may have been reconnected in modern times and hence 
may still be able to interbreed. Patterns of mtDNA variation inform only about 
maternal gene flow, thus recognizing discrete breeding units of Henicorhynchus spp. 
will require additional verification via molecular analysis of nDNA. Microsatellite 
markers were employed to estimate the extent of genetic exchange among 
populations of each Henicorhynchus species and correlated this with natural and 
human constructs (e.g. dams) that may affect natural dispersal patterns in order to 
assess the extent of gene flow among populations that indicates the occurrence of 
interbreeding populations that may now be reconnected after past geographical 
separation. 
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Chapter 2 aimed to design, develop and screen specific nDNA markers 
(microsatellite loci) for 2 species of Henicorhynchus and to test for cross-species 
amplification. This chapter also discusses the general data analyses performed to 
address specific research questions.  
Chapter 3 aimed to verify whether two mtDNA clades of H. siamensis identified 
above and below the Khone Falls constitute sympatric, but non-interbreeding stocks 
and to assess why the stock at one site (BP; Bokeo Province) is very different from 
other H. siamensis stocks. This chapter also aimed to confirm/refute the genetic 
similarities between stocks of H. siamensis in three discrete drainages (Mae Klong 
River, Chao Phraya River and Mekong River). Under coalescent theory, this pattern 
suggests that they are likely to be relatively newly established stocks in this region 
and supports their modern evolutionarily dispersal (gene flow) (Adamson et al. 
2009). Such information reflects the historical mixing of stocks from different 
drainages and may assist identifying where the ancestral population of H. siamensis 
may have first evolved. 
Chapter 4 aimed to verify whether H. lobatus in the main MRB constitute a single 
stock for management purposes.  
Chapter 5 provides a general discussion of the likely historical/modern factors that 
have influenced observed patterns of gene exchange in both species and addresses 
the scale of how extant wild populations of Henicorhynchus spp. should best be 
managed sustainably. 
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Chapter 2: Materials and Methods 
Microsatellites or SSRs representing tandem repeated short DNA sequences (1–8 
bases) are scattered widely and randomly across prokaryotic and eukaryote genomes, 
and can be scored easily (Zink and Barrowclough 2008) as they conform to the laws 
of Mendelian inheritance. Being nuclear DNA markers, each diploid individual will 
carry two copies and they are inherited in a co-dominant fashion, so they are useful 
for assessing population differentiation in gene flow studies due to their high allelic 
variation. In general, microsatellite loci typically encode large allelic variation (often 
>10 alleles) per locus and have potential for cross amplification in closely related 
taxa (Zhang and Hewitt 2003; Cheng et al. 2007; Wang et al. 2012). A fast evolution 
rate is  common for microsatellites and is an advantage for detecting the effects of 
recent demographic events (Guichoux et al. 2011) so microsatellite markers have 
become the preferred tool for applications in fisheries stock management, population 
analyses, and biodiversity preservation programs due to their ability to detect 
differences between closely related populations and their efficiency for revealing 
extensive allelic variation (O'Connell and Wright 1997; Morin et al. 2004). 
While microsatellite loci developed in one species can sometimes be cross-amplified 
in related species (Tong et al. 2002; Holmen et al. 2009) since they evolve rapidly, 
there is a high probability that mutations will occur regularly in priming sites and this 
can sometimes lead to specific alleles not amplifying, i.e. produce null alleles 
(Webster, Smith and Ellegren 2002). Therefore, for any new species to be studied, 
specific microsatellite loci where possible, should be isolated for the target species. 
In part, this is because substitution rates in non-coding DNA are higher than protein 
coding regions, thus it can be difficult to find or to design universal primers for 
microsatellites (due to inadequate conserved flanking regions). Other factors that 
affect cross amplification are that primers designed in one species have often been 
found to vary for tandem repeat number in different species, therefore a polymorphic 
locus in one species may be monomorphic in others (Qiu-Hong et al. 2004). 
Microsatellite marker development however, can be a problem in many non-model 
species because of the high cost and time required for library construction using the 
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traditional approach (Cheng et al. 2007; Wang et al. 2012). This problem can now be 
addressed using next generation sequencing techniques (NGST), for example 454 
pyrosequencing. Significant random genomic DNA fragment (genome survey 
sequence or GSS) and large expressed sequence tag (EST) data sets can be generated 
using Roche 454 pyrosequencing and then applied to identify new genes and data 
resources including for microsatellite (SSR) and single nucleotide polymorphism 
(SNP) marker development (Romana-Eguia et al. 2004; Cheng et al. 2007; Vera et 
al. 2008; Salem et al. 2010; Jung et al. 2011). This approach is also useful for other 
applications (Strong and Nelson 2000), including phylogenetic analyses (Lynch et al. 
2008) and adaptation studies (Jansen et al. 2007). The same approach (454 
pyrosequencing), identified several putative genes for H. siamensis (Iranawati et al. 
2012) (Appendix 1). This chapter discusses approaches employed to develop 
microsatellite markers specific for Henicorhynchus spp. and the general statistical 
data analyses undertaken to address specific research questions in the present study. 
2.1. Rapid development of nDNA genetic markers for 
Henicorhynchus spp. using 454 pyrosequencing 
2.1.1.  Methods 
Samples and DNA Extraction 
External morphological identification of the two Henicorhynchus spp. was 
undertaken in the field and then fresh fin tissue taken and samples stored in 70% 
ethanol in labelled vials. DNA was extracted using a modification of a salt extraction 
method (Miller, Dykes and Polesky 1988). Henicorhynchus species was confirmed 
via mtDNA sequencing (Hurwood, Adamson and Mather 2008). 
Library Construction and 454 Pyrosequencing 
454 GS-FLX pyrosequencing analysis was performed by the Australian Genome 
Research Facility (AGRF), Brisbane, Australia. Sample gDNA for this analysis was 
taken from 2 pooled individuals per species. Quantification of random fragmented 
DNA after library construction was performed with a Quant-iT RiboGreen 
fluorometer (Invitrogen, Mulgrave, Australia) and to determine average fragment 
size, 1 µl sample aliquots were analysed in a Bioanalyzer (Agilent, Mulgrave, 
Australia). Sequencing of gDNA was run on an eighth of a pico-titer plate of 454 
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GS-FLX using pyrosequencing chemistry (Roche, Branford, CT, USA) following the 
manufacturer's protocol. 
Sequence cleaning and assembly 
Initially all sff sequence files after 454 GS-FLX sequencing were processed using 
Roche quality filtering program tools to remove adapter A and B sequences, poor 
quality sequence and barcodes. Subsequently, sequences with >60% homopolymers 
(single nucleotide) and where homopolymers length were >100 nucleotides were 
excluded. Using default parameters in ROCHE-NEWBLER 2.5.3, modified 
(trimmed) sequences were assembled de novo to produce singleton and contig 
datasets for later analysis. SNP identification was not performed here, due to 
inadequate sample number assigned to 454 GS-FLX pyrosequencing. We submitted 
all Henicorhynchus sequences produced here to the NCBI Sequence Read Archive 
with accession numbers SRA 053105 and SRA 053106 for H. siamensis and H. 
lobatus, respectively. 
Identification of sequences with microsatellite motifs 
MSATCOMMANDER was used to identify microsatellite motifs within 
Henicorhynchus sequences (Faircloth 2008). Perfect microsatellite motifs (di, tri, 
tetra, penta, hexa and compound) were detected with the default setting; a minimum 
of eight repeats were required for dinucleotide motif and a minimum of six repeats 
for other microsatellite repeats types. To be assigned as a compound microsatellite 
motif, 100 nucleotides was the maximum interruption setting assigned between two 
neighbouring microsatellites. PCR primers generated in flanking regions of identified 
unique microsatellites were designed using Perl script modules linked to PRIMER3 
software (Rozen and Skaletsky 2000). 
Microsatellite screening, amplification, testing and cross species amplification 
Nonspecific microsatellite marker amplification products can be avoided by 
developing primers in flanking regions not grouped in the same sequence. Therefore, 
MICROFAMILY software (Meglécz 2007) was used to examine the likelihood of 
groupings of sequences that have microsatellite motifs. All primers (25 primer pairs) 
tested here originated only from a unique sequence. Ten individual samples from 
each of five discrete wild Henicorhynchus spp. populations collected from the MRB 
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were utilized for preliminary PCR amplification tests, and from this, eight loci were 
selected for further analysis in each species. PCR amplification were performed in a 
total volume of 12.5 µl and PCR reactions contained 1.5 µl 5x MyTaq Red Buffer 
(Bioline (Aust) Pty. Ltd. Australia), 0.05 µl MyTaq DNA Polymerase (Bioline), 0.4 
µl (10pmol) of primer (forward and reverse), 1 µl of DNA template and ddH2O up to 
12.5 µl. PCR conditions were 5 minutes initial denaturation at 94oC, proceeded by 30 
cycles comprising 30 seconds at 94oC, 15 seconds at 51-57oC and 15 seconds at 
72oC, then 5 minutes of final extension at 72oC and 15 minutes at 15oC. PCR 
products were multiplexed (1 µl of each locus and 1 µl of GeneScan™ 600 LIZ® 
Size Standard v2.0.) then analyzed in an ABI-3500 sequencer for genotyping. 
GENEMAPPER software (Version 4.1; Applied Biosystems: Mulgrave, Australia, 
2011) was employed for allele scoring. Polymorphic loci were examined in 50 H. 
lobatus individuals taken from two geographically separated sites in the MRB, 
Nongkhai (NK) in Thailand (17o30'N; 102o18'E) and the Bassac River (BN) in 
Vietnam (11o28'N; 104o57'E) while in H. siamensis, 46 individuals from Battambang 
(BB) and Ubon Ratchathani (UB) were examined. The BB site is located in 
Cambodia (13°04'N; 103°08'E) while the UB site is located in Thailand (15°15'N; 
104°52'E). In addition, H. lobatus samples were also tested for cross-species 
amplification with microsatellite markers developed in H. siamensis and vice versa. 
Errors in genotyping were examined applying a 95% level of confidence with 
MICROCHECKER software (van Oosterhout et al. 2004) and statistical analyses 
(number of allele (Na) and percentage of missing data) were performed in 
GENALEX6 (Peakall and Smouse 2006), significant deviations from Hardy-
Weinberg equilibrium (HWE), observed (Ho) and expected (He) heterozygosity were 
calculated using ARLEQUIN v3.0 software (Excoffier, Laval and Schneider 2005) 
and Polymorphism information content (PIC)  were obtained using  EXCEL-
MICROSATELLITE-TOOLKIT v3.1 (Park 2001). General Linear Model (GML) 
analysis using SPSS v.19 software was performed to compare the number of alleles 
(Na) between loci and between species.   
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2.1.2. Results and Discussion 
A total of 2,047 sequences containing microsatellite motifs that included 17.49% 
tetra/penta/hexanucleotide repeats, 74.65% dinucleotide repeats and 7.87% 
trinucleotide repeats were identified in the H. lobatus pyrosequencing sequences 
while a total 1837 simple sequence repeats (SSRs) or microsatellites comprising 
74.41% dinucleotide repeats, 9.53% trinucleotide repeats and 16.06% 
tetra/penta/hextanucleotide repeats were detected among the H. siamensis sequences. 
Recognition of a high number of dinucleotide repeats in H. siamensis is consistent 
with previous studies in fish and other aquatic organisms (Salem et al. 2010; Cheng 
et al. 2007).  
From 1,837 microsatellites detected in H. siamensis, a total of 422 microsatellite 
primer sets comprising 78% dinucleotide repeat primers, 8.3% trinucleotide repeat 
primers, and 13.7% tetra/penta/hextanucleotide repeat primers were designed 
successfully while in H. lobatus a total of 495 microsatellite primers (Appendix 2, 3) 
consisting of 14.14% tetra/penta/hexanucleotide repeat primers, 7.88% trinucleotide 
repeat primers and 77.98% dinucleotide repeat primers, were designed successfully 
(Figure 2.1). Twenty five tetra nucleotide repeat loci were screened in H. lobatus and 
H. siamensis, respectively. Loci that generated only a single band (for example in 
Appendix 4) were selected and subsequently sequenced to observe any difference in 
the number of repeats (polymorphism) in the samples tested (as locus L1 and S2, 
Figure 2.2). From this, eight loci in each species were selected to test for extent of 
polymorphism in both species.  
After genotyping with GENEMAPPER software (Figure 2.3), one of the eight loci 
for H. lobatus could not be genotyped due to presence of stutter bands while four of 
the eight loci developed for H. lobatus failed to amplify in H. siamensis. In contrast, 
seven of the eight loci developed for H. siamensis (Iranawati et al. 2012) amplified 
successfully and could be used for genotyping in H. lobatus (Table 2.1). Thus, eleven 
loci in total or approximately 70% of those developed and screened in either species 
were available for further statistical analysis of genetic diversity in both species 
(Table 2.2).  
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Table 2.1. Microsatellite primers designed for Henicorhynchus spp. (locus written in 
red indicate success for cross-species amplification). Repeat motif (*) and flanking 
region (#; target sequence without microsatellite site) as shown in the sequence used 
for primer design. PCR product size is reported as allele size (°) and related number 
of repeat is reported as repeat range (∆). Ta is annealing temperature applied for PCR 
amplification. 
loci primer sequence (5’ – 3’) repeat 
motif* 
flanking 
region# 
allele 
size° 
repeat 
range∆ 
Ta 
 H. lobatus      
L1 AGACAGATAGACAGACAGACAGAC 
GAAGTTCTCGGCACATCCTG 
(AGAT)11 109 133-197 6-22 56 
L8 ACAAGACGTACCTTTGAGCAC 
AGTAACAGGCAGAGCAACAG 
(ATCT)13 186 230-322 11-34 53 
L10 TGTGCTAGTTTGATATGCCAAG 
CCAGGCTGCCCTAGAACTG 
(AGAT)16 83 107-167 6-21 53 
L13 TCTGCTAATCTATCATTCCATCAATCG 
ACAGAACAATCAAACGAACTGAC 
(ATCT)15 153 177-269 6-29 51 
L16 AGCAGGAGATGTTCTGATGG 
AGACACCAGATTCACACGC 
(CTGT)13 97 121-221 6-31 51 
L21 ATTCATTGTGCCTTCCTTCTG 
CAGGGGTGATTTGGTTGCC 
(CATT)8 167 191-231 6-16 53 
L22 ACATGGAATTTGTCAGTGTGG 
TCTAAAGCTGAAGCAATTGGG 
(ATTT)8 121 145-245 6-31 51 
 H. siamensis      
S2 GTGGCGGAAATGGGCTTC 
CCTGAGGCATTTCATAAACTCCG 
(ATCT)14 182 206-326 6-36 52 
S4 CTCATCACCCGCTGTGTTTC 
CACACACTGACAGGCAGAC 
(ATCT)11 160 184-392 6-58 55 
S5 TGTCGTTCTCTGGCTGTCC 
CCCAGATACAGGAGTGGGATG 
(ATCT)13 104 128-256 6-38 57 
S12 TTGCCTGGAGGACAAGACC 
TGC CAC TGC ACA GTA AACG 
(ATCT)9 184 208-364 6-45 57 
S14 ACACGAGTGAGGAGTGCTG 
AGGCCACAAACTTCTGCTTG 
(CTGT)9 105 129-197 6-23 55 
S21 CAACAAGCAGAGCGACAGG 
TGTTGATAACGCGCCACAG 
(ACTC)8 113 137-221 6-27 51 
S23 TGAATGGAATGAGAGGTTCAGC 
TGCTGCTTGTGTGTTCAAAG 
(GAGT)8 140 164-240 6-25 52 
S24 AACACCATACACCTGCACC 
ACTCCTGTGGTGGAAGAAAGG 
(AAAC)8 141 165-241 6-25 52 
 
  
31 
 
 
Figure 2.1.Successful primers designed in H. lobatus (red bar) and H. siamensis 
(blue bar). 
 tetra  motif 
Di-motif 
Tri-motif 
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Figure 2.2.  Variable sites (red letters and dots) in microsatellite loci for locus (a) S21 
and (b) L16. Gap (-) in locus L16 indicate potential of variation. 
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Figure 2.3. Genotyping of certain of microsatellite loci in H. lobatus (below) using GENEMAPPER v.4.1, pink indicates very strong signal of 
dyes.  
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Table 2.2. Results of cross-species amplified microsatellite loci developed in H. 
lobatus and H. siamensis. 
Locus Pop  Na  Ho  He  PIC  HWE % Missing Data 
L1 BB 13 0.917 0.912 0.884 0.00* 
 
 
UB 16 0.900 0.923 0.892 0.00* 
 
 
CD 15 0.880 0.931 0.906 0.003 
 
 
NK 15 0.875 0.932 0.906 0.038 
 L16 BB 2 0.280 0.301 0.252 1.000 
 
 
UB 3 0.700 0.529 0.406 0.171 
 
 
CD 18 0.478 0.918 0.890 0.00* 8% 
 
NK 13 0.714 0.897 0.864 0.056 16% 
L21 BB 7 0.609 0.809 0.759 0.023 8% 
 
UB 8 0.824 0.841 0.791 0.959 15% 
 
CD 9 0.750 0.821 0.776 0.256 
 
 
NK 8 0.875 0.808 0.763 0.673 
 L22 BB 6 0.455 0.711 0.642 0.029 12% 
 
UB 9 0.824 0.676 0.635 0.749 15% 
 
CD 17 0.625 0.915 0.888 0.000* 
 
 
NK 16 0.500 0.922 0.895 0.000* 
 S2 BB 15 0.960 0.927 0.902 0.498 
 
 
UB 12 0.350 0.822 0.788 0.00* 
 
 
CD 12 0.560 0.737 0.708 0.006 
 
 
NK 13 0.565 0.750 0.715 0.030 8% 
S5 BB 16 0.560 0.936 0.912 0.00* 
 
 
UB 16 0.700 0.929 0.899 0.006 
 
 
CD 12 0.280 0.850 0.816 0.00* 
 
 
NK 17 0.727 0.925 0.897 0.013 12% 
S12 BB 15 0.640 0.915 0.888 0.00* 
 
 
UB 23 0.550 0.967 0.940 0.00* 
 
 
CD 17 0.880 0.936 0.912 0.531 
 
 
NK 16 0.667 0.918 0.891 0.010 
 S14 BB 14 0.800 0.850 0.819 0.478 
 
 
UB 12 0.950 0.883 0.848 0.448 
 
 
CD 8 0.680 0.660 0.621 0.053 
 
 
NK 6 0.478 0.541 0.490 0.366 8% 
S21 BB 6 0.760 0.712 0.655 0.759 
 
 
UB 8 0.700 0.765 0.710 0.705 
 
 
CD 9 0.682 0.844 0.802 0.127 12% 
 
NK 14 0.542 0.871 0.838 0.00* 
 S23 BB 9 0.720 0.765 0.726 0.219 
 
 
UB 12 0.950 0.888 0.852 0.426 
 
 
CD 16 0.955 0.927 0.899 0.928 12% 
 
NK 13 0.864 0.871 0.837 0.288 12% 
S24 BB 6 0.280 0.495 0.460 0.003 
 
 
UB 4 0.400 0.424 0.387 0.101 
 
 
CD 11 0.652 0.726 0.680 0.073 8% 
 
NK 4 0.760 0.653 0.575 0.019 
 
Note: Pop, population; BB, Battambang (25 samples) and UB, Ubon Ratchathani (20 samples) for H. 
siamensis; CD, Chau Doc (25 samples) and NK, Nongkhai (25 samples) for H. lobatus; Na, number of 
alleles; Ho, observed heterozygosity; He, expected heterozygosity; PIC, Polymorphism information 
content; HWE significant (*) at p < 0.001 after Bonferroni correction. 
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The distribution of sequences containing microsatellite motifs indicated that repeat 
frequency declined exponentially with repeat length. This may be as a result of the 
higher mutability rate of long repeats compared with short repeats (Katti, Ranjekar 
and Gupta 2001) and the higher likelihood that long repeats will mutate to small 
repeats (Ellegren 2004). While CAG and GATA repeat motifs are the dominant 
microsatellite repeat types reported in vertebrates, dinucleotide repeats (CA) are the 
most prevalent microsatellite marker type utilized for studying genetic diversity in 
fish species (Zheng, Yang and Chen 2012). The most observable repeat motifs 
identified in H. lobatus were identical to those found in H. siamensis (Iranawati et al. 
2012) and Esheostoma okaloosae (Saarinen and Austin 2010) and included AC, GT,  
AAT, ATT, AGAT, ATCT repeats types, while for silver crucian carp (Carassius 
auratus) and Japanese flounder (Paralichthtys olivaceus), the most common repeat 
motifs observed were CAG and GATA (Zheng, Yang and Chen 2012), respectively. 
Gene-based microsatellites and/or nuclear gene markers can potentially be 
transferable to other closely related species (Wang et al. 2004;  Ellis and Burke 2007; 
Zheng et al. 2010), and have been suggested to have potential advantages for 
phylogenetic studies such as in cyprinid species (Yang and Mayden 2010; Zheng, 
Yang and Chen 2012). Therefore, the significant number of microsatellites primers 
identified here (Appendix 2, 3) have broad potential applications in future ecological 
and evolutionary studies in closely related cyprinid taxa but will require full 
validation (Panhuis et al. 2011; Wang et al. 2004). With respect to their relative 
mutability (Castaño-Sanchez et al. 2007) and ease of scoring (Chambers and 
MacAvoy 2000), only microsatellites with tetra repeats were screened and tested for 
polymorphism in the two target species.  
Expected heterozygosity estimates (He; mean ± standard deviation) at the 11 loci in 
the sampled populations in this study (Table 2.2) ranged from 0.301 to 0.967 (mean 
0.803 ± 0.154) while observed (Ho) ranged from 0.280 to 0.960 (mean 0.678 ± 
0.193). Some of the loci tested showed significant Hardy-Weinberg disequilibrium. 
Missing data and differences between Ho and He estimates may result from some 
PCR amplification failures at particular loci (presence of null alleles). Results of 
GLM indicate that the number of alleles (Na) were significantly different among loci 
tested (p <0.05) while no significant difference (Na) was observed between species or 
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between populations. While in general, Na in these two species did not differ 
significantly, apparent differences of Na at some loci and evidence for null alleles at 
the L16 locus will need to be considered further. Na per locus ranged from 2 to 23 
(mean 11.64 ± 4.7), with a higher Na per locus observed for H. lobatus specific loci 
(L16, L21 and L22) in sample (CD/NK) compared with H. siamensis (BB/UR), 
while for loci specific for H. siamensis, three out of seven loci (S2, S12, S14) 
showed higher Na estimates per locus in H. siamensis (BB/UR) compared with H. 
lobatus (CD/NK). Post hoc (Least Significant Difference) tests revealed that 
differences in Na in both species were evident only at locus L21 with S12, and locus 
S12 with S24. MICROCHECKER results showed no evidence for null alleles at locus 
L1, L21, S14, S23 or S24 in both species. In addition, polymorphism information 
content (PIC) per locus ranged from 0.252 to 0.940 (mean 0.764 ± 0.164), suggesting 
that loci characterised here vary between relatively low to high levels of allelic 
variation (Cheng, Ye and Ye 2007).   
Success rate of cross-species amplification for highly diverse taxa is likely to be low 
due to lack of conservation of priming site regions and relative changes in genome 
size among species (increasing C-value) (Nair et al. 2012). The high rate of cross-
species amplification in the two Henicorhynchus species suggests that both sources 
(of the primers) and target species may possess conserved sequences at microsatellite 
flanking regions which can be attributed to their close evolutionary relationships 
(BarbarÁ et al. 2007). While low cross-species amplification success is expected in 
distantly related species (Ellegren 2004),  some loci have been reported to possess 
unusual sequence conserved regions (Rico, Rico and Hewitt 1996; Hamill et al. 
2007). In general, polymorphism level is likely to decline with increasing 
evolutionary distance between taxa (Nair et al. 2012) and the potential for null alleles 
should be considered carefully when microsatellite loci are applied to non-target 
species. Therefore, given the high rate of successful amplification and the relatively 
high level of polymorphism at some loci in the target species, markers tested here are 
likely to be informative in genetic studies and may potentially be used as markers for 
evolutionary studies in both species. 
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2.2. Sample collection and general statistical data 
analyses employed 
2.2.1. Sample collection 
Samples from a previous study were collected by local fisheries scientists who had 
been trained to differentiate between Henicorhynchus taxa and individuals identified 
(morphological identification) to the species level, either from local fish markets or 
directly from local fisherman. To minimize potential sampling error caused by 
collecting migrating fish from unknown source populations (during the flood season; 
May to October), samples were only collected during the dry season. Fresh tissue 
samples (anal or pectoral fin) were taken using appropriate protocols, and samples 
stored in 70% ethanol in labelled vials for later genetic analyses.  
2.2.2. Sample identification 
Although sample collectors (local fisheries scientists) had been trained to 
differentiate Henicorhynchus taxa morphologically to species level, there was still 
potential mis-identification of species because there are significant morphological 
similarities between these two species. Therefore, identification of Henicorhynchus 
individuals here was confirmed via mtDNA sequencing following a method modified 
from Hurwood, Adamson and Mather (2008). Approximately 600bp of the mtDNA 
COIII gene was amplified using primer Heni-ATP6 (5’<GTT GCC TGT GAG TCG 
TAC>3’) and ATP8.2 L (5’<AAA GCR TYR GCC TTT TAA GC>3’). PCR 
amplification was performed in a total volume of 25 µl and PCR reactions contained 
3 µl 5x MyTaq Red Buffer (Bioline (Aust) Pty. Ltd. Australia), 0.1 µl MyTaq DNA 
Polymerase (Bioline), 0.5 µl (10pmol) of primer (forward and reverse), 0.5 µl 
MgCl2, 1 µl of DNA template and ddH2O up to 25 µl. PCR conditions were 5 
minutes initial denaturation at 94oC, proceeded by 35 cycles comprising 30 seconds 
at 94oC, 30 seconds at 50oC and 45 seconds at 72oC, then 3 minutes of final 
extension at 68oC and 15 minutes at 15oC.  
Amplification success was confirmed in a 1.0% agarose gel with 1x TBE (Trish 
buffer EDTA) run for 45 minutes at 85V and visualized under UV light. Amplified 
product was then cleaned-up prior to sequencing using a PCR clean-up kit (Bioline). 
Clean-up products were sequenced in both the forward and reverse directions in an 
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EPPENDORF Mastercycler and subsequently purified with Ethanol/EDTA following 
ABI (Applied Biosystems) 3500 Genetic capillary sequencer protocol. Sequences 
generated from the ABI 3500 sequencer were first edited (to remove primer sites) 
and then BLASTn search against public databases to identify an individual’s species 
(for example in Appendix 5).  
2.2.3. Diversity 
CONVERT software (Glaubitz 2004)  was used  to characterize raw genotypic data at 
each microsatellite locus into allele frequencies. This software was also used to 
produce the input files for subsequent genetic analyses programs and to count private 
allele frequencies. Allelic richness (A) per locus per site was measured using HR-
RARE software (Kalinowski 2004, 2005) to compare genetic diversity across sample 
sites, with rarefaction applied to correct for different sample sizes. The smallest 
sample size included in this study was 6 at site SR.  
Likelihood of linkage disequilibrium (LD) (Slatkin and Excoffier 1996) was tested 
with the EM algorithm for all possible combinations of loci for all sites using 
ARLEQUIN software with 10,000 permutations. This test aimed to evaluate 
significant associations (linkage) between alleles among microsatellite loci. The 
presence of significant linkage between loci is indicative of the physical proximity of 
these loci on a chromosome or a signal that sample populations did not conform to 
Hardy-Weinberg equilibrium (HWE), resulting from mixed populations, non-random 
mating populations or presence of cryptic taxa. 
Deviation from HW equilibrium per locus, per site was assessed using Exact tests 
(Guo and Thompson 1992) with ARLEQUIN software. Incidence of HW 
disequilibrium is likely an indication that there were biological issues with the 
samples such as presence of a mixed population. In addition, historical population 
changes can be revealed by testing for deviations from mutation-drift equilibrium. To 
examine modern demographic events, two analyses were implemented. The first 
analysis, used BOTTLENECK software v. 1.2.0.2 to evaluate deviation from HW 
equilibrium versus the distribution of coalescent simulation results under a specific 
microsatellite mutation model  (TPM- two phase mutation) using a Wilcoxson’s test 
(2 tailed). Parameters for this analysis were a 95% stepwise mutation model (SMM) 
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and 5% of infinite allele model (IAM), with 12 variances and 100,000 iterations. 
Factor correction for linkage, HW equilibrium exact test and Wilcoxson test followed 
the FDR (False Discovery Rate) procedure. This parameter set was considered 
appropriate for microsatellite data (Piry, Luikart and Cornuet 1999; Di Rienzo et al. 
1994).  
A second analysis, used ARLEQUIN software to estimate the M or Garza and 
Williamson Index (Garza and Williamson 2001). M is the ratio of the number of 
alleles against allelic range present in each population. During founder events, rare 
alleles can be lost randomly and as consequences the ratio of M will decrease in line 
with the magnitude and duration of the bottleneck. M values ranging from 0 for 
populations experiencing recent bottlenecks, to 1 for the historically stable 
populations, with the benchmark of M <0.68 implying that a current bottleneck had 
occurred within a population (Garza and Williamson 2001).  
2.2.4. Population structure 
Population differentiation was estimated among sample sites (FST and RST) (Slatkin 
1995) using ARLEQUIN software with 10,000 permutations, with significant values 
adjusted via FDR correction. This software was also be used to evaluate hierarchical 
analysis of molecular variance (AMOVA) that represent the partitioned genetic 
structure within and among sampled populations. FST evaluates the number of alleles 
and allele frequencies, and when population subdivision is less structured, FST is 
favoured for delineating differentiation, while RST that follows an SMM model, is 
more appropriate when stronger structure is present (Balloux and Goudet 2002). The 
current view however, is that when differentiation and/or diversity are high, both 
methods may not always reveal the “true” level of differentiation (Balloux et al. 
2000; Jost 2008). This can be avoided by measuring actual differentiation using a 
statistical model that avoids problems with Fixation indices. Jost’s Dest estimator, as 
implemented in SMOGD software (Crawford 2010) can address this problem. The 
resulting Dest estimate was also used to construct neighbour joining trees (population 
tree) using MEGA software v. 5 (Tamura et al. 2011) to evaluate the pattern of 
differentiation among samples. 
40 
 
To visualize population structure patterns among individual samples, a factorial 
correspondence analysis (PCA) was performed using GENETIX software v.4.05.2 
(Belkhir et al. 2004). This software identifies and clusters sampled individuals on 
multiple axes based on the similarity of their genotypes (shared alleles) regardless of 
group membership. It is therefore considered to be an objective method for assessing 
population subdivision.  
To assess the spatial arrangement of genetic structure in both Henicorhynchus 
species in the main MRB, STREAM TREES analysis was performed (Kalinowski et 
al. 2008) using Dest estimate. This analysis can evaluate the relationship between 
genetic distances among populations in different sections of a river network, 
allowing each river section to represent a different level of genetic distance. This 
analysis applied the Stream Hierarchy Model (Meffe and Vrijenhoek 1988) that 
genetic differentiation would be expected to accumulate across river networks where 
there is no obvious drainage connection, different ecological traits are present or 
large fluctuations in population size, that over short geographical distance may 
potentially have large genetic gaps. The Dest distance matrix was also applied as a 
further test of spatial structuring using the IBD (isolation by distance) program 
(Bohonak 2002; Jensen, Bohonak and Kelley 2005) with 1000 permutations. 
Geographical distances (straight line) for each pairwise (sites) comparison were log 
transformed prior the analysis. 
A cluster method based on a Bayesian-model was used to assign populations into K 
groups as implemented in STRUCTURE software v.2.2 (Falush, Stephens and 
Pritchard 2003; 2007; Pritchard, Stephens and Donnelly 2000). The analysis was run 
for 200,000 MCMC chain replicates with a 100,000 burn in length and parameters 
set for this clustering with α equal to 1.0 and assuming an admixture model for 
ancestry using the default setting. The full data set was replicated 10 times for each K 
from K=2 to 2n (n=4). To analyse outcomes from STRUCTURE and to estimate the 
best K group, number of populations as suggested by Evanno, Regnaut and Goudet 
(2005), STRUCTUREHARVESTER software was employed (Earl and vonHoldt 
2011). The highest ∆K in the distribution of K was considered to be the best 
estimator of the number of population groupings. CLUMPP v.1.1.2 software 
(Jakobsson and Rosenberg 2007) was used to align across replicates and the output 
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was visualised using DISTRUCT software v.11. (Rosenberg 2004). Bayesian analysis 
was also employed with BAPS version 6 (Corander et al. 2008). This software uses 
sample information to detect structure and perform analysis where HW equilibrium 
and/or linkage equilibrium may be present in the dataset. BAPS is considered more 
sensitive for detecting fine structure than STRUCTURE when limited data are 
available (Corander and Marttinen 2006; Hubisz et al. 2009). Parameters were set as 
default, with sequential replication 5 times for each K from K=2 to K=8. The 
analysis was first run to cluster groups of individuals, followed by genetic mixture 
analysis and then, an admixture analysis at the individual level was performed to 
detect migrant/admixed individuals.  
To evaluate the conformity of the patterns of genetic differentiation between the 
earlier mtDNA study (Hurwood, Adamson and Mather 2008; Adamson et al. 2009), 
and the current nDNA study (to evaluate possible relationship between different 
matrices), a Mantel test was performed using ZT software (Bonnet and Van de Peer 
2002) with 1000 replications. This analysis compared the distance matrices generated 
from the mtDNA dataset (pairwise ΦST) with that from the microsatellite dataset 
(pairwise FST/RST/Dest). Since some sites analysed were different between the two 
studies, the Mantel test was performed only for data from sample sites that were 
available in both studies. 
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Chapter 3: Patterns of genetic structure 
in H. siamensis 
3.1. Introduction 
Evolutionary processes over time (including speciation, extinction, and/or historical 
expansion) across a global scale distribution that are likely to shape modern spatial 
distributions of an organism can be explored using a biogeographical approach 
(Parenti and Humphries 2004); including considering effects of dispersal and 
vicariance (Crisci et al. 2006; Posadas, Crisci and Katinas 2006). When suitable 
habitat is fragmented across a large geographical scale, individual capacity for 
dispersal is likely to be linked to dispersal pattern and ecological traits 
(Kodandaramaiah 2009). Natural habitat distributions that have been modified and 
shaped by historical changes (climate and geomorphology) may alter patterns of 
dispersal, vicariance and species distributions (Wiens and Donoghue 2004). 
Interactions between spatial geographical distribution and spatial time processes 
(dispersal, vicariance, expansion) show that contemporary distribution patterns of 
species can often be shaped by historical processes (Crisci et al. 2006).   
Interactions between ecology and history have often been inferred from 
biogeographical patterns in Asia biota. Biota (both flora and fauna) present now in 
the Indian subcontinent comprise lineages from both Gondwana and more recent 
invading taxa that dispersed from, and evolved in, more northerly regions (Datta-Roy 
and Karanth 2009). The collision of the Indian and Eurasian plates apparently 
allowed Gondwanan-Indian lineages to disperse across southern and southeast Asia 
(out of India), a pattern evident for some plant taxa (Conti et al. 2002), lizard taxa 
(Macey et al. 2000; Melville et al. 2009), bird taxa (Cooper et al. 2001) and 
amphibian taxa (Bossuyt and Milinkovitch 2001; Gower et al. 2002). Furthermore, 
the collision of the Indian-Eurasian plates also enabled Eurasian taxa to disperse into 
India, for example some freshwater snail taxa (Köhler and Glaubrecht 2007) and 
plant taxa (Conti et al. 2002). While the Indian-Eurasian collision facilitated 
dispersal of some taxa, other groups only dispersed within the Indian subcontinent 
due to ecological traits that constrained their wider dispersal (Biju and Bossuyt 2003; 
Wesener and VandenSpiegel 2009).  
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By observing modern distribution patterns of biota in southeast (SE) Asia, Wallace 
(1863) suggested that historically, Sunda-land had been connected to the SE Asia 
mainland. Reconstruction of plate tectonics (Hall 1998) estimated that the Sundaic-
Indochinese connection occurred during the Eocene period (54-33 mya) and 
connections also occurred more recently when sea levels were low (Woodruff 2010) 
and during the Pleistocene (Woodruff and Turner 2009; Voris 2000). While 
historical land connections mediated exchange of biota between these two regions 
(Inger and Voris 2001; Harrison, Krigbaum and Manser 2006), ecological traits 
present in some taxa (such as in forest dependent species) constrained their wider 
dispersal across mainland SE Asia (Biju and Bossuyt 2003; Wesener and 
VandenSpiegel 2009).  
In general, most freshwater fish are physically constrained by their environment. As 
a consequence, their modern distribution patterns are likely to reflect historical 
changes in drainage arrangement (Bermingham and Martin 1998). A number of 
studies have noted that complex climate and geological changes have shaped modern 
drainage evolution across SE Asia (Hall 1998; Clark et al. 2004; Clift, Blusztajn and 
Duc 2006; Rowley and Currie 2006; Brookfield 2008; Hoorn et al. 2012; Xiao et al. 
2012), and consequently has impacted SE Asian freshwater biodiversity (Rainboth 
1996b). The Mekong River formed during the early Pleistocene. It now flows freely 
for more than 4000 km from headwaters in Tibet to the south Vietnamese coast and 
is now considered to be the largest river in SE Asia (Rainboth 1996b; van Zalinge et 
al. 2003; Osborne 2009). Together with the Klong (Mae Klong) and Chao Phraya 
ecoregions (based on similarity in general ecology and species distributions), they 
form the most diverse zoogeographically freshwater region in SE Asia (Zakaria-
Ismail 1994; Abell et al. 2008) (Figure 3.1).  
Geological studies of river systems in SE Asia have concluded that historical 
drainage patterns (Figure 3.2.a) were different from contemporary ones (Figure 
3.2.b), and major changes were believed to have occurred largely during the 
Quaternary (Rainboth 1996b). Major river connections once linked now form 
discrete drainages in SE Asia during the Pleistocene, some of which are clearly 
known while others require further study (Rainboth 1996a; Brookfield 1998; Clark et 
al. 2004). Up-thrust of the Himalayas after the collision of the India-Asia plates 
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occurred between the Eocene to the Pliocene, promoting formation of large scale 
eastward flowing major river drainage systems (Brookfield 1998; Clark et al. 2004; 
Clift, Blusztajn and Duc 2006) and this would have allowed Gondwanan freshwater 
species to disperse into SE Asia  (Hall 1998).   
 
Figure 3.1. Lower Mekong Basin (pink), Chao Phraya (green) and Klong (Mae 
Klong) (orange) freshwater ecoregions modified from Abell et al. (2008). 
Historical climate and geomorphological changes as well as tectonic events have 
influenced drainage evolution in SE Asia, in particular the Mekong River (Rainboth 
1996a; Brookfield 2008). Geological evidence shows that the contemporary Mekong 
River potentially captured parts of many other prehistoric rivers that previously had 
flowed across the Indochina mainland. In particular, the modern Mekong River is 
likely to have captured parts of the Chao Phraya headwaters and other prehistoric 
drainages that flowed across the north-central region of Thailand (Rainboth 1996a; 
Brookfield 2008). Recent tectonic events on the Cambodian Plain have also altered 
the Mekong drainage by creating vast segmented waterfalls (Khone Falls) at 0.6 
mya, followed by formation of the Great Lake (Tonle Sap) at 6 kya (Rainboth 
1996b). These changes and extensive drainage rearrangements have accumulated 
previously isolated freshwater taxa, and produced high biodiversity in the basins, that 
reflect historical drainage connectivity (Bermingham and Martin 1998).  
While external factors including historical climate change and geological events can 
influence population structure at the large scale, both external (e.g. habitat 
heterogeneity) and innate factors to species (e.g. relative dispersal ability, mating 
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time etc.) can also shape population genetic structure (Bossart and Prowell 1998). 
Genetic structures associated with paleo-biogeographical factors would be expected 
in highly dispersive species with wide geographical distributions, while low 
dispersive species and those that possess unique mating behaviours would be 
expected to show high population differentiation, both at spatial and temporal levels 
(Bezault et al. 2011). 
 
Figure 3.2. Drainage evolution and rearrangement; a. During the Pleistocene when a 
massive land mass existed, approximately 120m below current sea levels (Voris 
2000),  b. contemporary drainages of Mekong, Chao Phraya, Klong (Mae Klong) 
River. 
Population studies of aquatic species have benefitted from DNA-based methods that 
have assessed population subdivision in particular, freshwater taxa (Cook et al. 2011; 
Tsukagoshi, Yokoyama and Goto 2011; Hughes et al. 2012). Fine scale population 
structure between stocks/groups across particular geographical ranges can often be 
detected using this approach (Vrijenhoek, Douglas and Meffe 1985; Slatkin 1987). 
Furthermore, this technology can be used to describe natural history changes and 
patterns of demographic change (gene flow) over time (Slatkin 1987; Moritz 1994b; 
Vrijenhoek 1998; McElhany et al. 2000). 
In general, marine taxa are considered to show lower levels of intra-specific 
differentiation compared with either freshwater or anadromous species because of 
fewer obvious physical geographical barriers to dispersal (Ward, Woodwark and 
Skibinski 1994). Estuarine populations of fish species generally show lower 
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population divergence, and often show extensive gene flow with populations in 
adjacent estuaries compared with more distant populations and this can follow an 
isolation by distance pattern (Jerry and Baverstock 1998). In contrast, in freshwater 
species, high population structure due to river fragmentation and population isolation 
has often been reported (Ward, Woodwark and Skibinski 1994). Meffe and 
Vrijenhoek (1988) reported that gene flow within the same stream river was higher 
than that between drainages, a reflection of different levels of connectivity within 
and between drainage systems (the Stream Hierarchy Model). In addition, if 
population structure does not conform to this model, it may imply that historical 
drainage rearrangement has likely impacted the systems in the past (Vrijenhoek 
1998).  
Genetic subdivision of freshwater fish populations can result from several factors 
including physical barriers to dispersal for example, a waterfall (Crispo et al. 2006),  
geographical distance (Tatarenkov, Healey and Avise 2010), historical drainage 
rearrangement (McGlashan and Hughes 2000); and biological barriers to dispersal 
such as absence of a larval dispersal phase (Sivasundar, Bermingham and Orti 2001), 
reproductive isolation (Hendry and Day 2005) or natal homing (Neville et al. 2006). 
Even where a species is distributed over vast geographical areas, frequent flood 
connections or recent drainage reconnections can produce extensive gene flow within 
a single drainage (Vrijenhoek, Douglas and Meffe 1985). As an example, recent 
DNA-based studies in the MRB have shown that a single panmictic population was 
present for giant catfish Pangasianodon gigas (Na-Nakorn et al. 2006; Ngamsiri et 
al. 2007) while for its congener, P. hypophthalamus, three discrete genetic groups 
were present (So, Maes and Volckaert 2005; So, Maes and Volckaert 2006) across 
the same geographical range. Thus stock structure can often be complex in 
freshwater species. 
Genetic stock assessments were completed recently for H. lobatus and H. siamensis 
across the MRB that screened mtDNA markers (Hurwood, Adamson and Mather 
2008; Adamson et al. 2009), and reported that population structures of the two 
species (sampled near Nongkhai, Thailand to Chau Doc in Vietnam's Mekong Delta), 
were very different. This observation conflicts with earlier reports by Baird, Flaherty 
and Phylavanh (2003)  for the same taxa based on ecological analyses that suggested 
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that both species migrate in similar long distance pathways both up and down, and 
across the Mekong River Basin. Different population structures if confirmed, would 
suggest that the two species have had very different evolutionary histories in the past 
(Hurwood, Adamson and Mather 2008; Adamson et al. 2009). If different population 
structure for H. siamensis and H. lobatus are confirmed with nuclear markers, this 
may imply that other fish species with comparable life history traits across the MRB 
may also show divergent population structures at large geographical scales.  
The aim of this chapter was to characterize population genetic structure and levels of 
gene flow in H. siamensis populations across the MRB. Based on results from the 
earlier mtDNA study of the target species (Adamson et al. 2009), specific research 
questions that were addressed here applying microsatellite data, include: 
- Are patterns of population structure in H. siamensis for mtDNA and nDNA 
congruent?  
- Are there 2 stocks of H. siamensis in Cambodia (below and above the Khone 
Falls) and do they constitute sympatric and non-interbreeding populations?  
- Why is the H. siamensis stock in Bokeo Province (upper MRB) very 
different from other stocks in the MRB? Is there some physical or biological 
barrier constraining dispersal? 
- Are there genetic similarities between stocks of H. siamensis in discrete 
drainages (Klong or Mae Klong) River, Chao Phraya River and Mekong 
River?  
- What likely historical/modern factors have influenced observed patterns of 
gene exchange in H. siamensis in the MRB and across mainland Indochina? 
3.2. Methods 
3.2.1. Sample Information 
Sampling of H. siamensis was undertaken previously with 14 sampling sites having 
been selected across the whole study area (Mekong River Basin, Figure 3.3) in 
addition to two H. siamensis outgroup populations collected from the other major 
drainage basins across the region. H. siamensis populations from adjacent drainages 
were used as outgroups and patterns compared with sampled populations from within 
the MRB. All basic details about sample collection and sample identification are 
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presented in Chapter 2. While details of the samples are reported in Adamson et al. 
(2009), the number of samples per site in some instance were different here and some 
sites were not included in the analysis because tissue samples had deteriorated over 
time. H. siamensis samples screened in the current study are detailed in Table 3.1. 
and Figure 3.3. 
Table 3.1. Sample information for H. siamensis 
Site Name Code n Latitude & 
Longitude 
 Collector/Date 
Bokeo Province BP  15 20o00’ N; 100o00’ E Lao PDR MRC-LaRReC/2005 
Nongkhai NK  18 17o30’ N; 101o18’ E Thailand DoF/ Feb 2005 
Songkram SM  23 17o38’ N; 104o15’ E Thailand DoF/ Nov 2005 
Mukdahan MD  30 16o32’ N; 104o43’ E Thailand DoF/ Nov 2005 
Ubon Ratchathani UB  54 15o15’ N; 104o52’ E Thailand DoF/ Feb & Nov 2005 
Strung Treng ST  25 13o19’ N; 106o01’ E Cambodia MRC/ April 2004 
Kampong Thom KT  43 12o42’ N; 104o54’ E Cambodia MRC/ April 2004 
Siem Reap SR  6 13o14’ N; 103o20’ E Cambodia MRC/ April 2004 
Battambang BB  42 13o14’ N; 103o08’ E Cambodia MRC/ April 2004 
Kampong Chhnang KC  18 12o09’ N; 104o23’ E Cambodia MRC/ April 2004 
Phnom Penh PP  18 11o08’ N; 104o31’ E Cambodia MRC/ April 2004 
Chau Doc CD  33 10o42’ N; 105o07’ E Vietnam RIA2/ April 2004 
Chainard CN  28 14o37’ N; 100o54’ E Thailand DoF/ Jan 2005 
Kanchanaburi KB  24 14o00’ N;  99o02’ E Thailand DoF/ Jan 2005 
Note: , upper to mid MRB; , middle MRB;  lower MRB; , different 
drainages; n, sample size; MRC: Mekong River Commission; LaRReC: Living 
Aquatic Resources Research Centre; DoF: Department of Fisheries; RIA2: Research 
Institute for Aquaculture No. 2. 
3.2.2. Genotyping 
DNA was extracted using a modification of a salt extraction method (Miller, Dykes 
and Polesky 1988). Verification of Henicorhynchus species was undertaken via 
mtDNA sequencing (Hurwood, Adamson and Mather 2008). Eight microsatellite loci 
that had been developed for H. siamensis were used for genotyping. All details about 
the microsatellite loci, PCR protocols and reactions are presented in Chapter 2. 
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Figure 3.3. Map of sampling locations, modified from Adamson et al. (2009).   
3.2.3. Data Analysis 
Statistical analysis was undertaken to measure genetic diversity of H. siamensis in 
each site per locus and also to investigate population genetic structure. All details of 
basic statistical analyses employed are presented in Chapter 2. Additional statistical 
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analyses used specifically for H. siamensis genotypic data are indicated here, as is 
appropriate, including use of specific software packages: 
• FLOCK 
This software performed non-Bayesian analysis for grouping and identifying 
admixed individuals in the sampled populations. This approach is considered 
to perform better than Bayesian analysis when introgressed individuals are 
not present in the sampled populations (Duchesne and Turgeon 2009; 
Duchesne and Turgeon 2012). The K selected was four groups, following the 
earlier mtDNA result (Adamson et al. 2009) that suggested that four groups 
were evident in the MRB and parameters were set as default. LLOD (log 
likelihood differences) represent the probability of individual membership, 
where high positive LLOD indicates high probability that individuals are 
members of reference group 1 (widespread group) while high negative LLOD 
indicate high probability of individuals being members of reference 2. A 
LLOD value close to zero indicates equal probability that individuals were 
members of either reference 1 or 2 (admixture). 
• POPULATION version 1.2.32  and TREEFIT 
POPULATION version 1.2.32  was used to create neighbour joining (NJ) tree 
based on 1000 bootstrap values with Cavalli-Sforza and Edward’s (1967) 
chord distance estimation (DC). This distance estimation was considered the 
most appropriate model for the nDNA dataset here compared with other 
distance models, when differentiation is largely driven by drift (independent 
from specific mutation model and variation of population size) and this 
method has potential to reveal true relationships between closely related 
populations (Ensing et al. 2011). To evaluate the degree (R2 value) that NJ 
tree best fits the DC matrix, TREEFIT was run using 1000 bootstrap 
iterations.  
 
  
52 
 
3.3. Results 
3.3.1. Diversity 
Genotyping of sampled populations at eight microsatellite loci was performed for H. 
siamensis with a total of 397 individuals screened from 14 sites. Approximately 
1.9% of the data were missing in the final data set, a result of 56 PCR reactions that 
did not amplify successfully for certain individuals. All loci were polymorphic, with 
number of alleles per locus ranging from 10 (locus S24) to 48 (locus S4). 
Distributions of allele size for each locus from all sites are presented in Figure 3.4, 
most loci were skewed positively. 21 private alleles (site specific) among a total of 
213 alleles were found at seven out of the eight loci screened (except for locus S14). 
Most private alleles were present at frequencies of less than 5% in sampled 
populations, except for locus S12 for alleles 344 and 364 at BP (5% for each allele, 
respectively). The greatest numbers of private alleles were observed at locus S12 and 
S21, 5 alleles at each locus, respectively. 
Significant linkage disequilibrium was observed in 14 of 392 pair wise comparisons 
between loci and sites (4.25%; data not shown) after FDR correction following 
Benjamini and Hochberg (1995) (α = 0.05). Thirteen were detected at the MD site. 
Evidence for non-independence (linkage) between loci would be apparent if there 
were consistent linkage patterns involving specific loci across all sites. This pattern 
was not evident for any loci examined here. While linkage at specific sites may result 
from population structure that will be evident in HW deviations at specific sites, the 
MD site showed only a single locus that departed from HW equilibrium. Samples 
from the MD site had been collected from a fish hatchery where broodstock could 
potentially have originated from a mixture of wild subpopulations. Admixture of 
individuals from two subpopulations that have different fixed alleles can also 
produce significant linkage disequilibrium where in reality there is no “true” linkage 
present (Slatkin 2008). At the MD site, heterozygote excess at seven out of eight loci 
were observed, although there were no significant departures from HW equilibrium. 
This phenomenon could result from mixing of individuals from different populations 
with different allele frequencies leading to LD. All possible heterozygote genotypes 
were not detected at this site. This could cause heterozygote excesses for some 
genotypic classes while other classes were not detected. Therefore evidence for 
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linkage at this site could simply result from mixing of individual samples from 
different natural subpopulations.   
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Figure 3.4. Allele frequency distributions for H. siamensis from tetra-
nucleotide microsatellite loci screened in the current study. 
After FDR correction, 28 of the 112 HW equilibrium tests showed significant 
departures from equilibrium (Table 3.2). Significant deviations from HW equilibrium 
at more than two loci were observed at the following sites; NK (upper Mekong 
River), KC, PP, ST (Lower Mekong River) and UB (middle Mekong River). This 
likely resulted from presence of null alleles at some loci which can be seen from the 
presence of homozygote excesses in most of the sample sites except for MD. 
  
206 246 286
Hs 2 
184 268 348
Hs 4 
128 188 248
Hs 5 
208 268 328
Hs 12 
129 157 185
Hs 14 
141 181 209
Hs 21 
168 196 224
Hs 23 
165 185 205
Hs 24 
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Table 3.2. Basic genotyping statistics among sites; n, number of sample genotyped; n 
alleles is number of allele observed in each sample; allelic range, number of repeat 
observed; A, allelic richness; Ho, observed hetrozygosity; He, expected hetrozygosity; 
NAp, number of private allele; HWE value, test for deviation from Hardy-Weinberg 
Equilibrium, significant (*) at α = 0.05 after FDR correction; Average H = mean of 
heterozygosity across 8 loci ± standard deviation; G/W index = Garza-William Index 
across 8 loci ± standard deviation. G/w index lower than 0.68 indicated by #. 
 
Site Statistic Locus 
S2 S4 S5 S12 S14 S21 S23 S24 
BB n 42 42 42 42 42 42 42 42 
n alleles 16 35 22 22 14 9 12 7 
allelic range 26 44 28 30 17 11 12 7 
A 8 10 9 9 6 4 5 4 
Ho 0.881 0.881 0.905 0.738 0.881 0.762 0.738 0.381 
He 0.928 0.974 0.944 0.946 0.839 0.725 0.745 0.545 
NAp 0 0 0 0 0 1 0 0 
HWE value 0.269 0.014 0.571 0.000* 0.902 0.986 0.483 0.004* 
Average H  0.771 ± 0.161       
G/W index  0.77 ± 0.094       
BP n 15 15 12 10 15 14 14 15 
n alleles 14 14 11 13 12 7 13 4 
allelic range 18 44 20 34 16 12 13 6 
A 9 8 8 9 8 5 8 3 
Ho 0.800 0.733 0.750 1.000 0.733 0.929 0.714 0.400 
He 0.942 0.885 0.913 0.953 0.903 0.831 0.931 0.487 
NAp 0 0 0 2 0 0 0 1 
HWE value 0.189 0.020 0.074 1.000 0.011* 0.176 0.015 0.192 
Average H  0.757 ± 0.166       
G/W index  0.59#± 0.188       
CD n 33 33 33 33 32 32 32 33 
n alleles 20 26 25 22 15 6 10 5 
allelic range 30 43 28 31 15 6 11 6 
A 8 10 10 9 7 5 5 4 
Ho 0.788 0.879 0.819 0.909 0.844 0.781 0.719 0.485 
He 0.920 0.965 0.961 0.942 0.849 0.771 0.743 0.547 
NAp 1 1 2 1 0 0 0 0 
HWE value 0.003* 0.223 0.011* 0.120 0.413 0.846 0.379 0.424 
Average H  0.778 ± 0.124       
G/W index  0.77 ± 0.115       
CN n 27 28 28 26 27 28 27 28 
n alleles 17 22 24 24 13 11 10 4 
allelic range 18 48 30 36 12 20 14 4 
A 8 9 9 10 7 6 7 3 
Ho 0.963 0.893 0.857 0.731 0.858 0.857 0.926 0.429 
He 0.928 0.932 0.951 0.959 0.871 0.842 0.879 0.466 
NAp 0 1 0 1 0 0 0 1 
HWE value 0.810 0.436 0.288 0.000* 0.483 0.178 0.987 0.782 
Average H  0.813 ± 0.159       
G/W index  0.72 ± 0.173       
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Table 3.2. Continued 
Site Statistic Locus 
S2 S4 S5 S12 S14 S21 S23 S24 
KB n 24 23 24 24 24 24 24 24 
n alleles 10 11 15 18 7 6 10 4 
allelic range 11 38 25 27 9 20 12 5 
A 7 7 8 8 5 4 6 3 
Ho 0.708 0.826 0.708 0.833 0.958 0.833 0.875 0.667 
He 0.872 0.892 0.909 0.919 0.817 0.716 0.844 0.526 
NAp 0 0 0 0 0 0 0 0 
HWE value 0.000* 0.093 0.015 0.150 0.246 0.549 0.172 0.472 
Average H  0.801 ± 0.092       
G/W index  0.59# ± 0.194       
KT n 43 43 43 43 43 43 43 43 
n alleles 17 34 23 20 15 8 10 7 
allelic range 22 44 26 20 17 8 11 7 
A 8 10 9 9 6 5 5 3 
Ho 0.837 0.93 0.907 0.628 0.721 0.643 0.628 0.395 
He 0.927 0.964 0.945 0.945 0.795 0.783 0.728 0.420 
NAp 1 0 0 1 0 0 0 0 
HWE value 0.195 0.049 0.599 0.000* 0.089 0.021 0.053 0.194 
Average H  0.711 ± 0.166       
G/W index  0.84 ± 0.065       
KC n 17 18 18 18 18 18 18 18 
n alleles 14 23 19 15 11 6 10 4 
allelic range 17 44 21 22 12 11 14 6 
A 8 10 9 9 7 5 5 3 
Ho 0.706 0.833 0.833 0.722 0.611 0.722 0.778 0.222 
He 0.922 0.971 0.946 0.944 0.879 0.773 0.740 0.522 
NAp 0 0 0 0 0 1 0 0 
HWE value 0.011* 0.030 0.237 0.011* 0.004* 0.094 0.237 0.004* 
Average H  0.679 ± 0.185       
G/W index  0.67# ± 0.134       
NK n 18 16 14 16 17 18 18 18 
n alleles 11 13 11 14 9 6 9 5 
allelic range 11 38 17 18 14 5 10 5 
A 7 8 7 8 7 4 6 4 
Ho 0.667 0.875 0.571 0.813 0.765 0.778 1.000 0.556 
He 0.900 0.927 0.892 0.929 0.856 0.673 0.862 0.598 
NAp 0 0 0 0 0 0 0 0 
HWE value 0.003* 0.405 0.001* 0.010* 0.301 0.377 0.809 0.508 
Average H  0.753 ± 0.141       
G/W index  0.73 ± 0.198       
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Table 3.2. Continued 
Site Statistic Locus 
S2 S4 S5 S12 S14 S21 S23 S24 
MD n 30 30 30 30 30 30 30 30 
n alleles 10 13 9 15 11 6 8 4 
allelic range 14 34 11 32 13 9 13 3 
A 7 8 6 8 6 5 6 3 
Ho 1.000 0.967 0.900 0.483 0.933 0.933 0.900 0.433 
He 0.874 0.914 0.857 0.915 0.820 0.774 0.831 0.430 
NAp 0 0 0 0 0 1 0 0 
HWE value 0.391 0.245 0.129 0.000* 0.9139 0.182 0.442 0.210 
Average H  0.818± 0.211       
G/W index  0.65# ± 0.186       
PP n 16 17 18 17 17 18 17 18 
n alleles 14 14 16 16 10 5 12 7 
allelic range 25 24 19 22 14 5 14 7 
A 8 8 9 9 7 4 7 5 
Ho 0.813 0.706 0.667 0.882 0.588 0.833 0.765 0.611 
He 0.897 0.925 0.935 0.943 0.873 0.740 0.897 0.694 
NAp 0 0 0 0 0 0 0 0 
HWE value 0.420 0.000* 0.004* 0.230 0.009* 0.229 0.066 0.196 
Average H  0.733 ± 0.100       
G/W index  0.72± 0.118       
SM n 23 23 22 23 23 22 22 23 
n alleles 18 23 17 21 14 6 12 4 
allelic range 20 41 22 27 15 5 13 6 
A 8 10 9 9 8 5 7 3 
Ho 0.826 0.913 0.864 0.870 0.957 0.728 0.818 0.391 
He 0.924 0.960 0.935 0.953 0.915 0.774 0.882 0.411 
NAp 0 0 0 0 0 0 1 0 
HWE value 0.313 0.222 0.365 0.156 0.821 0.378 0.569 0.265 
Average H  0.796 ± 0.166       
G/W index  0.78 ± 0.145       
SR n 6 6 6 6 6 6 6 6 
n alleles 8 6 6 9 6 5 5 4 
allelic range 16 10 14 13 8 7 6 5 
A 8 6 6 9 6 5 5 4 
Ho 0.833 0.333 0.500 0.500 0.833 1.000 0.667 0.500 
He 0.939 0.818 0.849 0.955 0.849 0.788 0.742 0.455 
NAp 0 0 0 0 0 0 0 0 
HWE value 0.401 0.005* 0.080 0.001* 0.918 1.000 0.520 1.000 
Average H  0.646 ± 0.211       
G/W index  0.59# ± 0.102       
 
  
57 
 
Table 3.2. Continued 
Site Statistic Locus 
S2 S4 S5 S12 S14 S21 S23 S24 
ST n 25 25 25 24 24 25 25 25 
n alleles 15 19 12 16 12 8 9 5 
allelic range 16 40 24 24 13 12 10 6 
A 8 8 7 7 7 5 5 4 
Ho 0.800 0.960 0.760 0.792 0.792 0.640 0.640 0.320 
He 0.914 0.896 0.902 0.866 0.878 0.749 0.704 0.576 
NAp 0 0 0 0 0 1 0 1 
HWE value 0.004* 0.000* 0.000* 0.136 0.112 0.186 0.284 0.002* 
Average H  0.713 ± 0.176       
G/W index  0.68 ± 0.152       
UB n 49 54 54 52 49 54 54 52 
n alleles 18 37 19 27 15 11 14 5 
allelic range 28 47 28 30 16 13 13 4 
A 7 10 9 10 7 5 7 3 
Ho 0.612 0.870 0.778 0.750 0.816 0.611 0.944 0.423 
He 0.895 0.953 0.930 0.965 0.853 0.746 0.873 0.514 
NAp 0 1 1 0 0 0 0 0 
HWE value 0.000* 0.018 0.027 0.000* 0.163 0.105 0.044 0.005* 
Average H  0.726 ± 0.157       
G/W index  0.82 ± 0.133       
 
While presence of null alleles could potentially impact further analyses and reduce 
the accuracy of population subdivision estimates, adjusting allele frequencies from 
raw data (van Oosterhout et al. 2004) to account for null alleles can also produce 
distorted population structure estimates (Chapuis and Estoup 2007). Therefore, null 
allele adjustment was not performed here. While there was potential for bias in the 
population structure estimates with or without null allele adjustment, FST estimates 
using the unadjusted dataset from ARLEQUIN (0.03; Table 3.5.) were similar to that 
of the adjusted dataset (0.0283) following Chapuis and Estoup (2007) suggestion. 
Furthermore, congruent population structure was evident with both marker types 
(microsatellite and mitochondria markers) and this would compensate for potential 
null alleles evident in this study. 
In diversity terms, the lowest average number of alleles and smallest allelic ranges 
were observed at site SR that potentially may result from the small sample size 
available at this site, while highest average number of alleles and allelic ranges were 
found at the UB and CN sites, respectively. Average allelic richness (A) ranged from 
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6 to 7 with the highest value observed at site CN and the lowest at site MD. Low 
average number of alleles and allelic range were also observed at the MD site.  
Evidence for recent population bottlenecks was not evident at any site in the current 
study estimated with BOTTLENECK software. After FDR correction, no significant 
deviation from mutation-drift equilibrium was observed at any site following a 
Wilcoxon’s test. Result of Garza-Williamson index (M) supported however, that 
some sites had experienced population declines (namely; BP, KB, KC, MD and SR) 
with M values ranging from 0.59 to 0.67. These M values were not far below the 
threshold (0.68), indicating that bottlenecks were probably not severe and so may 
explain why BOTTLENECK software did not detect any population decline at these 
sites. Indications of population declines at the KC and SR sites may result from small 
sample size that could mask real diversity at both sites or populations at these sites 
may have evolved in isolation but are now reconnected associated with drainage 
rearrangement of the Tonle Sap Great Lake (Rainboth 1996b). Low M values may 
also indicate potential mixing of individuals among these sites (Garza and 
Williamson 2001). Although there were no significant deviations from HW 
equilibrium, heterozygote excesses were observed at most loci at site MD. This is an 
indication that this site may have experienced a recent population bottleneck  
(Cornuet and Luikart 1996). 
3.3.2. Population structure 
In general, lower pair wise estimates of population structure were observed for FST 
compared with RST for the same population pairs (Table 3.3 and Table 3.4). After 
FDR correction, 27 pair wise FST comparisons between sites were not significantly 
differentiated while for RST, 45 comparisons were not considered to be significantly 
different among sites. 15 of the non-significant comparisons for RST estimates were 
congruent with FST results. Both comparisons showed that differentiation was 
significant between MD and all other sites. This may be an effect of the fact that this 
sample originated from a mixed hatchery stock. While out-group sites (CN and KB) 
from different river drainages were expected to be the most differentiated sites from 
all other sites, a pattern observed in the FST data (except for KB with NK), RST 
comparisons did not show this pattern (except for KB with BP, KT, MD, PP, SR, UB 
and CN with KT, MD, PP, SR, ST). While this could be a reflection that FST was 
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more suitable for detecting differentiation among sites than RST, the AMOVA result 
(Table 3.5) showed that both analyses produced similar patterns, with most variation 
present within populations. Real population structure can sometimes be hidden by 
high diversity within populations, thus FST estimates among populations may be 
relatively low while still being statistically significant (Hellberg 2009). The greatest 
pair-wise comparison based on the Dest statistic (Appendix 6) was also evident 
between KB with all other sites except for the NK site. In addition, when pair-wise 
estimates (RST/FST/Dest) were compared, the distribution of pairwise comparisons 
based on Dest rank was similar with the distribution of pairwise comparisons based 
on FST rank (Figure 3.5). Result of a Mantel test (ZT software; Bonnet and Van de 
Peer 2002) also confirmed a significantly strong correlation between Dest and  FST (r 
= 0.939, p < 0.001) while the correlation between Dest and RST was not significant. 
 
Figure 3.5. Distribution of pairwise comparisons ranked by a. RST, b. FST, and c. Dest. 
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Table 3.3. H. siamensis pair wise FST microsatellite data. Below the diagonal: P value of pair wise FST (significant for α = 0.05), and above the 
diagonal: pair wise FST estimation, highlighted cells indicate significant after FDR correction. 
  BB BP CD CN KB KC KT NK MD PP SM SR ST UR 
BB   0.016 0.000 0.021 0.065 -0.003 0.005 0.044 0.051 0.008 0.015 0.009 0.011 0.015 
BP 0.003   0.014 0.008 0.043 0.005 0.011 0.034 0.042 -0.001 -0.004 0.010 0.022 0.008 
CD 0.680 0.014   0.025 0.067 0.002 0.002 0.045 0.056 0.012 0.012 0.007 0.017 0.016 
CN 0.000 0.066 0.000   0.047 0.013 0.026 0.036 0.048 0.019 0.021 0.021 0.039 0.031 
KB 0.000 0.000 0.000 0.000   0.053 0.061 -0.003 0.094 0.062 0.054 0.061 0.084 0.057 
KC 0.936 0.416 0.527 0.013 0.000   0.001 0.030 0.051 0.007 0.012 0.005 0.008 0.012 
KT 0.058 0.048 0.346 0.000 0.000 0.653   0.037 0.063 0.016 0.014 0.009 0.018 0.018 
NK 0.000 0.001 0.000 0.000 0.661 0.002 0.000   0.082 0.039 0.034 0.036 0.054 0.033 
MD 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   0.043 0.048 0.066 0.065 0.055 
PP 0.051 0.704 0.021 0.009 0.000 0.323 0.005 0.000 0.000   0.010 0.020 0.023 0.016 
SM 0.000 0.838 0.005 0.000 0.000 0.031 0.002 0.000 0.000 0.047   0.009 0.023 0.010 
SR 0.263 0.368 0.363 0.033 0.000 0.657 0.349 0.038 0.000 0.170 0.273   0.015 0.024 
ST 0.006 0.005 0.000 0.000 0.000 0.189 0.002 0.000 0.000 0.001 0.000 0.240   0.029 
UR 0.000 0.090 0.000 0.000 0.000 0.016 0.000 0.000 0.000 0.001 0.008 0.043 0.000   
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Table 3.4. H. siamensis pair wise RST microsatellite data. Below the diagonal: P value of pair wise RST (significant for α = 0.05) and above the 
diagonal: pair wise RST estimation, highlighted cells indicate significant after FDR correction.  
  BB BP CD CN KB KC KT NK MD PP SM SR ST UR 
BB   0.132 0.002 0.028 0.025 0.006 0.039 0.024 0.092 0.119 0.006 0.233 0.081 0.057 
BP 0.003   0.066 0.052 0.086 0.057 0.134 0.018 0.213 0.039 0.047 0.048 0.041 0.077 
CD 0.381 0.023   0.007 0.032 -0.009 0.044 -0.016 0.085 0.080 -0.013 0.163 0.045 0.021 
CN 0.058 0.027 0.234   0.022 0.013 0.113 0.013 0.088 0.067 -0.015 0.176 0.054 0.006 
KB 0.106 0.013 0.059 0.099   0.002 0.096 0.028 0.185 0.061 0.004 0.199 0.038 0.069 
KC 0.301 0.060 0.714 0.163 0.445   0.042 -0.019 0.143 0.050 -0.016 0.155 0.007 0.043 
KT 0.024 0.003 0.014 0.000 0.001 0.053   0.047 0.187 0.174 0.068 0.241 0.104 0.144 
NK 0.158 0.278 0.871 0.228 0.177 0.813 0.058   0.152 0.069 -0.013 0.141 0.017 0.041 
MD 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000   0.274 0.092 0.365 0.247 0.068 
PP 0.002 0.118 0.004 0.004 0.018 0.038 0.000 0.045 0.000   0.053 0.075 0.013 0.107 
SM 0.253 0.062 0.895 0.918 0.367 0.841 0.007 0.730 0.001 0.023   0.153 0.027 0.006 
SR 0.005 0.215 0.012 0.002 0.007 0.018 0.003 0.061 0.000 0.071 0.010   0.094 0.207 
ST 0.006 0.064 0.018 0.004 0.043 0.255 0.001 0.207 0.000 0.198 0.070 0.031   0.093 
UR 0.004 0.012 0.061 0.233 0.002 0.031 0.000 0.048 0.002 0.001 0.278 0.003 0.001   
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Table 3.5. AMOVA results based on FST and RST analysis 
Analysis Source of variation d.f Sum of 
squares 
Percent of 
variance 
Fixation index 
(P value) 
FST Among populations 13 107.183 2.89 0.03 (<0.001) 
Within populations 740 2367.14 97.11 
RST Among populations 13 15780.261 7.45 0.08 (<0.001) 
Within populations 740 170514.224 92.55 
The neighbour joining analysis based on the Dest distance matrix performed with 
MEGA software v. 5 (Tamura et al. 2011) showed a clear pattern of how samples 
were structured (Figure 3.6). Of interest, one of the non-MBR sites (KB) clustered 
closely with the NK site in the upper MRB and another non-MBR reference site 
(CN) clustered closely with two sites in the lower MRB (SR and KC), even though 
they all formed a single group. Most sites below the Khone Falls clustered together 
(ST, KT, BB, CD) as did most sites above the Khone Falls (BP, SM, UB). A clear 
illustration of how allele distributions among sites contributed to the population 
structure observed is evident in the FCA result (Figure 3.7.a, b).  Nearly 50% (Figure 
3.7.a) of the observed variation was derived from three main factors that accounted 
for most variation between populations.  
Consistent with the previous analysis based on centre of population gravity (Figure 
3.7.b), the KB and NK sites were the most similar and the MD site was quite 
different from all other sites. All sites in the upper and lower Mekong River regions 
clustered together except for the UB site. This may indicate that while pair wise 
comparisons may show significant differentiation between this site and all other 
sites, within the same drainage, the level of differentiation between sites was in 
general, relatively small suggesting that physical barriers for example the Khone 
Falls  may not be limiting movement of this species up and down the main Mekong 
channel. 
 
63 
 
 
Figure 3.6. Neighbour Joining (NJ) population tree for H. siamensis based on Dest 
estimation.  
Figure 3.7.c presents the distributions of individual genotypes with the pattern 
reflecting results in the NJ tree. Individual genotypes from the CN site were similar 
to most other sites from the main Mekong River while the KB and NK sites clustered 
separately from other Mekong River sites, both in terms of their individual 
population centres of gravity and at the individual level. After applying the Dest 
distance matrix based on straight line geographical distance (log) matrix using the 
IBD program (Bohonak 2002; Jensen, Bohonak and Kelley 2005), geographical 
distance was shown to likely influence the pattern of population structure observed 
among sites. The result was significant (p = 0.034) but with only a weak IBD signal 
(r = 0.2861) (Figure 3.8). 
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Figure 3.7. FCA results: a) the amount of inertia that describes the three factors used 
to reveal distinct group in the analysis, where the blue line indicates total of inertia 
across three axes, b) landscape plot for each population, c) landscape plot for all 
individual sample with different colour for each site. 
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Figure 3.8. Correlation between genetic distance (Dest) and geographical distance 
(log). 
Results of Bayesian clustering of the data set generated in STRUCTURE identified 
three (∆K) distinct groups (Figure 3.9). The three population clusters identified were 
KB+NK (blue), MD (light green), and all remaining Mekong River sites +CN (red-
mix colour see Figure 3.10). This result was consistent with the FCA pattern. A clear 
picture of the membership of individual samples from each site to groups was also 
evident in the BAPS analysis. Some individuals from CN (3), SM (1), UB (3) and 
NK (1) were associated with the MD and KB+NK cluster while no individuals 
sampled from MD or KB were members of any of other cluster. Two individuals 
from NK were associated with the main Mekong River cluster. Of interest was the 
similarity evident between the KB and NK sites that had been observed in the earlier 
mtDNA study (Adamson et al. 2009).  
a.
 
b.
 
Figure 3.9. Bayesian clustering result; a) plot of ∆K with the highest considered as 
the best grouping number and b) Mean of log probability of data ( LnP (D)). 
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The microsatellite dataset was used to test for an admixture pattern across sites using 
FLOCK software (Duchesne and Turgeon 2009; Duchesne and Turgeon 2012). 82 
individuals were classified as reference group 1 that represented the widespread 
reference group of which 48% came from sites KB and NK; and 295 individuals 
were classified as reference group 2. Average LLOD (log likelihood differences) 
between reference groups 1 and 2 for all sites are illustrated in Figure 3.11. Site MD 
showed little evidence for introgression with the widespread group (KB and NK) 
while other sites showed admixture with group 1 (LLOD close to zero indicating an 
admixture occurrence).  
a. 
b. 
Figure 3.10. Bar graphs depicting the membership of individual samples in a group 
obtained from Bayesian cluster analysis a) generated from STRUCTURE and b) 
generated from BAPS. Each group is represented by a different colour. 
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Figure 3.11. Level of admixture at sampled sites. A positive mean LLOD (log-
likelihood differences) score indicates the widespread reference group (KB, NK) 
while a negative LLOD indicates the restricted reference group (MD). 
3.4. Discussion 
3.4.1. Comparing patterns of population structure in H. siamensis 
estimated with mtDNA and nDNA datasets 
Results of the current study (nuclear DNA; Figure 3.10; 3.11) indicate that H. 
siamensis individuals present in the main Mekong River (below and above the 
Khone Falls) consist of a single population while the previous mtDNA study had 
identified two genetic groups across this region (Adamson et al. 2009). Other 
differences from the earlier study (Adamson et al. 2009), were that based on mtDNA, 
the BP site in the upper region of the MRB was quite divergent from all other MRB 
sites while in the microsatellite study no differentiation was found between these 
sites. Similarity between the NK and KB sites (outgroup) was evident however, in 
both the mtDNA and nDNA datasets. Incongruent patterns of diversity between 
mtDNA and nDNA data sets could potentially result from use of the highly variable 
microsatellite loci applied here, which potentially could hide true differentiation 
among subpopulations due to very high within population diversity (Jost 2008). To 
evaluate potential for presence of fine scale genetic structure of H. siamensis in the 
main MRB,  STRUCTURE and BAPS analyses were repeated but with sites that were 
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distinctly different from other sites (in Figure 3.10; KB, NK and MD) now excluded. 
Results (not shown) however from both of these analyses still did not detect any 
evidence for fine scale genetic structure, as has been reported previously in the 
earlier mtDNA study (Adamson et al. 2009). 
The differences between patterns of differentiation evident in the nDNA compared 
with the mtDNA datasets could potentially indicate a bias towards male dispersal 
(Caparroz, Miyaki and Baker 2009). Assumptions about dispersal patterns estimated 
using indirect methods need however, to be considered cautiously due to differences 
in effective population sizes and mutation rates (Prugnolle and de Meeus 2002).  
While sex biased dispersal has been reported in some species that show local mating 
competition such as in some mammals (Baker et al. 1998; Caparroz, Miyaki and 
Baker 2009) and bird species (Clarke, Sæther and Røskaft 1997), this has not been 
reported widely in other vertebrate groups in particular, and to date not in fish 
(Consuegra and de Leániz 2007).  
Patterns of genetic structure in freshwater species in general, are expected to conform 
to a model where population differentiation is much less evident within drainages 
compared with among different drainages, following the Stream Hierarchy Model 
(Meffe and Vrijenhoek 1988). While the result of STREAM TREES analysis for H. 
siamensis showed a low correlation between stream section and genetic distance (R2 
0.037), there were obvious genetic differences in river sections that connected sites 
in the middle MRB and lower MRB (data not shown). Within the same river section, 
genetic diversity would also likely to accumulate downstream as a result of stream 
current biasing dispersal direction, favouring genetic variants dispersing to 
downstream populations while in general, impeding upstream dispersal against the 
prevailing water current (Castric, Bonney and Bernatchez 2001; Yamamoto et al. 
2004). This pattern was evident when relative haplotype sharing was compared 
between the middle and lower MRB in the mtDNA data (Adamson et al. 2009) as 
well as comparisons of private microsatellite alleles between the middle and lower 
river sections in the current study (Table 3.2). When the MD site was excluded from 
the analysis (as it was not essentially a wild population), the percentage of private 
alleles (after controlling for sample size at upstream sites (SM and UB) was 3.9% 
while in the lower MRB (site BB, CD, KC, KT and ST), the percentage was 6.8%. 
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Downstream dispersal in H. siamensis therefore is likely promoted by downstream 
current and flood flow while upstream dispersal is probably more restricted and 
potentially further constrained by the physical barrier imposed by the Khone Falls 
(Adamson et al. 2009).  
Further STRUCTURE analysis was performed to evaluate the difference between the 
middle and lower Mekong (MMB-LMB). First, all sites that clustered as the “red” 
group (Figure 3.10) were grouped into four groups based on their location, including; 
upper Mekong (BP), middle Mekong (MMB; SM and UB), lower Mekong (LMB; 
BB, CD, KC, KT, PP, SR and ST), and CN (out group). Using the parameter set that 
had been applied in the earlier STRUCTURE analysis, the outcome did not detect any 
sign of genetic structure between these site groups, but when LOCPRIOR model 
(using sample information to improve the power for detecting structure) was applied 
in the subsequent STRUCTURE analysis, the LMB clustered separately from other 
groups (Figure 3.12). The application of the LOCPRIOR model for this analysis 
indicates that the difference between the “red” groups (Figure 3.10) was weak 
(Hubisz et al. 2009).  
 
Figure 3.12. Bar graphs depicting the membership of individual samples in a group 
obtained from Bayesian cluster analysis generated from STRUCTURE analysis using 
the LOCPRIOR model. 
Results of a Mantel test show that while the correlation between pairwise ΦST with 
pairwise FST/RST was not significant, the correlation was significant between pairwise 
ΦST with pairwise Dest (r = 0.63, p < 0.001). When the most divergent groups (KB 
and NK in Figure 3.10) were then excluded from the analysis, the correlation was 
also moderate (Taylor 1990) but still highly significant (r = 0.44, p = 0.007). This 
result supports a pattern that population differentiation in general, is apparent 
between sites above and below the Khone Falls based on data from both marker 
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types. Based on the significant correlation between the mtDNA and microsatellite 
data set patterns and the private allele distribution, in general, there was strong 
congruence between patterns of differentiation revealed with both marker types. 
3.4.2. Patterns of population structure in H. siamensis in the Mekong 
River Basin 
Many factors can either promote or restrict individual dispersal at various stages of 
the life cycle, some of which include environmental factors, as a result of global 
change or stochastic events. While morphological adaptation may facilitate dispersal, 
a barrier such as a natural or anthropogenic physical barrier may alter dispersal 
probability and this over time can influence population structure (Croteau 2010). 
Several possible factors could be responsible for the population structure evident 
here in H. siamensis in the main Mekong River. Geographical distance among sites 
may affect differentiation in this species over the >2000 km, from the upper site (BP) 
to lower Mekong River sites as was suggested by the significant but low IBD signal. 
Physical barriers like the Khone Falls in the middle Mekong River divide the 
Mekong River via two main stream rapids systems where river elevation drops 21 m 
stretched over 10 km (Rainboth 1996b), these may potentially inhibit or restrict 
dispersal by H. siamensis upstream. Based on catchment reports, while many 
Mekong River fish taxa including H. lobatus have been reported to possess the 
ability to pass through the Khone Fall, few H. siamensis have been observed passing 
upstream through this area (Baird, Flaherty and Phylavanh 2003). Since H. siamensis 
however, is only one member of the small cyprinid “white fish” (long-migratory) 
group, distinguishing H. siamensis morphologically from other similar “white fish” 
during dispersal can be difficult, thus species recognition based simply on catchment 
studies for this species needs to be considered with caution (Baird, Flaherty and 
Phylavanh 2003; Poulsen et al. 2004).  
To a limited extent, a biomonitoring study across the same geographical area of the 
Mekong River has produced similar observations to those indicated in the genetic 
studies reported here. A study by Davidson et al. (2006) classified the lower and 
upper Mekong River sections based on differentiation in environmental variables 
(physical and chemical). Environmental heterogeneity between the lower and upper 
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Mekong River could influence the genetic structure here evident in H. siamensis. 
Local adaptation due to environmental variation has been assumed to influence 
population structure in many taxa (Perrier et al. 2011; Wiszniewski et al. 2010). Of 
interest, was that the NK site in the biomonitoring studies was classified as a 
different group (a similar outcome to the current study), with the BP site clustering 
with upper Mekong River group.  
Life history characteristics of H. siamensis suggest that this species employs an 
essentially “r” type reproductive strategy that involves; early reproductive maturity, 
high fecundity, synchronous ovary (single spawning and single brood) and short egg 
and larval stages (Suvarnaraksha et al. 2011). Like many species of fish in the 
Mekong River Basin, H. siamensis individuals undertake migrations upstream and 
downstream and to the floodplain, as part of their natural life cycle  (Poulsen et al. 
2002; Baran 2006). In general, fish migrations in the MRB are triggered by annual 
hydrological cycles linked to annual variation in; water level (90%), first rainfall as 
initiation of wet season (30%) and changes in water turbidity/colour (30%) (Baran 
2006). Lunar phases are also an apparent important trigger for migration and 
spawning in some MRB fish, in particular for Henicorhynchus species (Baird, 
Flaherty and Phylavanh 2003). While there are no apparent significant physical 
barriers to movement from upstream to downstream to the lower MRB, there are 
three recognised fish migration patterns in this area (Figure 3.13.a) including; lower 
(below Khone Falls), middle (upper Khone Falls-below Ventiane/Nongkhai) and 
upper (upper Ventiane/Nongkhai–border of Lao-China) migration patterns.  
In floodplain river systems like the MRB, migrations are undertaken by adult fish 
apparently to ensure fertilized eggs and hatched larvae can move passively 
downstream with current flows to the nursery ground (floodplain) at the most 
productive and accessible time, which is during the early wet season (Bao et al. 
2001). These migrations also allow offspring to disperse across the river system and 
may minimize predation on juveniles in confined areas, thus potentially indirectly 
affecting population persistence (Poulsen et al. 2002). In addition, fish migration 
patterns in the MRB are based on spatial differences in habitat occupied by fish 
during the flood and dry season, which may overlap in many species (Poulsen et al. 
2002). 
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a) b) 
 
 
Figure 3.13.  a) A simple model of fish migration patterns in the Lower Mekong 
River Basin with arrows indicating migration time at the beginning of the dry season 
(black) and at the beginning of the flood season (grey), b) Number of fish species 
observed inhabiting deep pools in the main Mekong River (modified from Poulsen et 
al. (2002). 
The lower Mekong migration pattern (LMS) is essentially a migration out of the 
main Mekong River to and around flooded riparian habitat in the wet season and a 
move back to the main river habitat during the dry season while in the middle 
Mekong migration (MMS), fish move greater distances upstream in the Mekong 
River and its tributaries in the flooding season and move back downstream to dry 
season refuges within the main Mekong channel during the dry season (Baran 2006). 
Upstream from Vientiane, flooded areas become less and less available as the 
physical characteristics of the river change gradually to form a mountain river with 
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steep slopes and a deep valley (Poulsen et al. 2002). Therefore, in the upper Mekong 
migration (UMS), fish move upstream to spawn during the rainy season and return 
down to dry season habitat refuges, only within the main river channel (Baran 2006). 
While ecological studies based on catchment reports have considered that H. 
siamensis follows the LMS migration pattern, this species also makes significant 
contribution to fisheries in the UMS (Poulsen et al. 2002). 
While migrations may enhance the long term persistence of a species, the white fish 
group (including H. siamensis) are considered vulnerable, due to a high dependency 
on a number of different discrete habitats and a requirement to migrate and move 
from one habitat to another habitat to complete their life cycles (Poulsen et al. 2002). 
During the flood season (monsoon), individuals move into floodplain areas and then 
return to river habitat only at the end of the flood season, and many have been 
observed to inhabit deep pool areas within the main river during the dry season 
(Poulsen et al. 2002). Many stream sections within the LMB are important as dry 
season refuges, but some sections that have rapid current flow also were reported to 
be essential as dry season refuges and spawning sites, in particular downstream 
below Pakse (Figure 3.13.b). 
In general, fish populations in the LMS and MMS sections of the river have been 
considered to be extensively connected, while the UMS is considered to be isolated 
from the two other major migration pathways and possibly may support a different 
genetic subpopulation (Poulsen et al. 2002). This pattern was reflected in the results 
of the earlier mtDNA study of H. siamensis and as it was for nDNA as well. 
Significant population structure in otherwise highly dispersive taxa will often 
indicate the existence of concealed reproductive isolation (Knowlton 2000) or may 
result from largely dynamic variation in individual reproductive success (Schlosser 
and Angermeier 1995). Viravong (2006) in Suvarnaraksha et al. (2011) reported that 
populations of H. siamensis above the Khone Falls apparently spawn earlier than 
populations below the Khone Falls, possibly because rain fall  commences earlier in 
the monsoon season there leading to earlier flooding of this area. Patterns of 
precipitation in the MRB based on observations from 1979 – 2000 (Figure 3.14) 
indicate that rain fall always begins earlier in the year in the middle MRB compared 
with the lower MRB (Costa-Cabral et al. 2008).  If the distribution patterns of H. 
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siamensis and H. lobatus have been described accurately, then the timing of 
rainfall/flooding events could help to explain broad patterns of genetic diversity and 
divergence in H. siamensis below and above the Khone Falls. In parallel, a 
zoogeographical study across the Mekong River by Taki (1975, 1978) in Rainboth 
(1996a) reported two distribution (upland and lowland) patterns observed in silurid 
and cyprinid taxa that are associated with different habitat preferences. 
While a significant signal of isolation by distance was evident for the sampled H. 
siamensis populations both for mtDNA and microsatellite markers, the signal was 
stronger (r = 0.599) for mtDNA than for nDNA (r = 0.286). This would suggest that 
the effective dispersal range for this species is less than the entire range of the LMB 
drainage from which samples had been collected (Adamson et al. 2009). While the 
upper MRB region (BP and NK) is separated by more than 500 km distance, both the 
lower and middle LMB cover more than 450 km distance ranges. Ecological studies 
of small cyprinid taxa (including Henicorhynchus spp.) in the LMB have reported 
that these taxa undertake migration on average, 20 days during their migration phase 
at an average swimming speed of 20km/day (Baird, Flaherty and Phylavanh 2003). If 
these estimates are accurate, than this can explain why gene flow in H. siamensis 
may be limited by their dispersal capability, because at this swimming speed, they 
would not have sufficient time (over 20 days) to reach many distant sites. 
 
Figure 3.14. Average monthly precipitation in Mekong River Basin based on 
interpolating from rain gauge network over the period 1979-2000 (Costa-Cabral et al. 
2008). 
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Population genetic structures of migratory fish species can be concealed when 
discrete populations overlap geographically (Carvalho-Costa, Hatanaka and Galetti 
Jr. 2008). Horne et al. (2013) reveal fine scale genetic structure in a previously 
unstructured population when more samples of adults and two consecutive fish 
cohorts were included. Godinho, Kynard and Godinho (2007) observed dichotomous 
migration patterns using radio-tagging in Surubim fish between two consecutive 
breeding seasons, a result that suggested different sampling times could influence the 
inferred structure of the populations studied. Future genetic studies therefore, should 
sample H. siamensis breeding populations across the MRB where it would be 
expected that discrete populations should segregate during their individual spawning 
seasons in specific areas or times for mating (Laikre, Palm and Ryman 2005). Thus 
assumptions about panmixa simply because individuals share a common habitat need 
to be treated with caution when a lack of differentiation (population structure) is 
evident in a target species. Sometimes, complexity in population structure can be 
hidden in the samples and the sampling strategy employed.  
3.4.3. Biogeography of H. siamensis across mainland Indochina  
Patterns and levels of intraspecific variation can be delineated by applying 
population genetic knowledge for example, coalescent theory (Hudson 1990; 
Kingman 2000; Stephens and Donnelly 2000). The basic idea behind coalescent 
theory is to trace gene genealogies backward in time based on contemporary 
variation in genes in sampled populations and to make inferences about past events 
on population histories including about growth rates, population sizes, and time when 
the samples last shared a single common ancestor (Kingman 2000; Avise 2009; 
Kuhner 2009). By evaluating associations between geographical distributions and 
genetic variation patterns, this can provide insights about how past and modern 
patterns of gene flow have influenced genetic structure at geographical scales and 
how this may have contributed to persistence of extant populations (Avise et al. 
1987).  
The current study of H. siamensis shows that the population at the NK site (upper 
MRB) was closely related to the KB site (Klong/Mae Klong River), while CN (Chao 
Phraya River) was closely related to SR and KC (lower MRB sites) (Figure 3.6).  
76 
 
While the NJ tree based on Dest can illustrate relationships between different sites, 
confidence in the resulting tree may be an issue due to a lack of sampling error 
consideration (bootstrap analysis). Therefore an NJ tree (Figure 3.15) was created 
using the programme POPULATION version 1.2.32 using 1000 bootstrap. The 
results (Figure 3.15) indicate that confidence values on nodes were high only 
between the NK, KB and CN sites. Relationships between other sites were confirmed 
in both analyses (POPULATION and TREEFIT) except for the KT site. Due to low 
confidence estimates between sites (bootstrap value lower than 50%), the MRB sites 
(except for NK) were excluded from further discussion.  
The R2 value in the TREEFIT analysis (0.951) indicates that the NJ tree fitted well 
with the DC matrix. Genetic similarity between populations (Figure 3.15) from 
different drainages (NK and KB) suggest that these populations were probably 
connected historically via drainage connection and this facilitated gene flow between 
the Mekong River and Klong River in the past (Hurwood and Hughes 1998; Waters 
et al. 2001; Burridge, Craw and Waters 2006). The Chao Phraya River which is now 
independent from the Klong (Mae Klong) and Mekong Rivers is likely to have been 
connected with these two sites in the past. Given the relatively close modern 
geographical distance (straight line) between the Klong River and Chao Phraya River 
(~ 70 km), finding two modern H. siamensis populations in each drainage that are 
closely related could reflect historical factors associated with the dynamic historical 
geomorphology of the region inferring past drainage connections (Pilgrim et al. 
2012). Potential for a recent translocation by humans as the cause for genetic 
similarity of H. siamensis between adjacent drainages while possible, is unlikely due 
to ecological traits present in this species that possess well known migration 
pathways related to their life history patterns (Adamson et al. 2009). Population 
structure observed in H. siamensis likely represented different migration groups that 
historically may have had different ecological traits that may still be present long 
after the modern Mekong River had formed. 
Previous studies have indicated that divergence of biota distribution patterns in 
addition to patterns of population genetic structure across mainland Indochina have 
been affected by recent geological and climate fluctuations  in this region  (Rainboth 
1996a; Brookfield 1998; Voris 2000; Inger and Voris 2001; Woodruff 2010). The 
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Khorat Basin (northeast of Thailand) is an important Mesozoic geographical feature 
in Indochina, that resulted from erosion after the Quaternary tectonic event (uplifting 
and tilting) that changed the plateau geomorphically into southern-western margin 
lowland  (Rainboth 1996b; Carter and Bristow 2003; Attwood and Johnston 2001; 
Glaubrecht and Köhler 2004). Major drainage changes occurred as consequence of 
this Quaternary tectonic event. The prehistoric Chao Phraya River was one of the 
main rivers (Siam River) in mainland Indochina at the time while the proto Mekong 
River was only a relatively small river, which is the opposite pattern to the current 
situation (Figure 3.2). During the early to middle Pleistocene, the Pre-Mun and Chi 
Rivers in the Khorat Basin were joined to the Proto-Chao River and then connected 
to the Middle Mekong River (Rainboth 1996b). The growing Mekong River 
apparently then captured headwaters of the Proto-Chao Phraya River estimated to 
have occurred 3 mya and the modern Mekong River was established during the Late 
Pleistocene (5 kya) (Brookfield 1998) following the Tonle Sap Great Lake formation 
at 6-8 kya  (Rainboth 1996b; Brookfield 1998). Other prehistoric events that 
happened during the middle Pleistocene (700kya-5kya) included extensive lava flows 
at the south-eastern margin of the Khorat Plateau, resulting in the formation of a 
plateau (the Bolovens) close to the Mun River mouth (Lukoschek et al. 2011). A 
subsequent lava flow created a massive series of rapids, now the Khone Falls, that 
extend over 10 km and that divided the MRB into two different rapid currents 
(Rainboth 1996b). The connection of the Mun-Chi tributaries with the Mekong River 
was likely interrupted by this event (Lukoschek et al. 2011) and the Khone Falls as a 
consequence may have become a barrier to dispersal for some freshwater taxa 
(Rainboth 1996b; Adamson et al. 2009).  
Changes to historical river drainage connections across mainland Indochina are 
supported by results from other studies of Mekong River fish. A zoogeographical 
study by Taki (1975, 1978) in Rainboth (1996a) recognized the similarity of taxa in 
the Mae Klong River with that in the Chao Phraya River and also the Middle 
Mekong River. Other fish biodiversity studies also confirmed the similarity of fauna 
in the Middle Mekong and the Chao Phraya River (Rainboth 1996a; Yap 2002). 
While molecular studies of animal taxa across this region show a variety of results, 
all have suggested that past drainage connections were essential in shaping modern 
population structures. A genetic study of Oryzias minutillus (Takata et al. 1993) and 
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Clarias macrocephalus (Na-Nakorn et al. 1998) support historical drainage 
connections between the upper-middle Mekong River with the Chao Phraya River. A 
similar pattern was evident for Channa striata (Hara, Sekino and Na-Nakorn 1998), 
with strong genetic structure evident for this fish between the Chao Phraya River and 
Mun-Chi River tributaries. Strong genetic structure in the Mun-Chi River tributaries 
has also been reported for H. lobatus while a connection between the lower and 
middle Mekong was also evident (Hurwood, Adamson and Mather 2008). Lukoschek 
et al. (2011) also observed that populations of the mud snake (Enhydris subtaeniata) 
across the lower Mekong were more similar to those in the Chao Phraya than to 
populations in the middle Mekong.  
Contemporary genetic patterns observed for H. siamensis across mainland Indochina 
provide evidence for a complex pattern of historical drainage rearrangement in this 
region that has yet to be fully resolved. As evident in the earlier mtDNA (Adamson 
et al. 2009) and now in the nDNA data here, this freshwater teleost has only evolved 
recently and its evolution is likely to reflect formation of the modern Mekong River. 
The historical mixing of the Mae Klong  River with the NK site also suggests that the 
NK population could have been the ancestral population from which H. siamensis 
later dispersed and formed modern stocks across mainland Indochina, as evident 
from the star-like haplotype pattern observed in the MRB population in the earlier 
mtDNA studies (Adamson et al. 2009). The possibility of CN as the ancestor of H. 
siamensis (Figure 3.15.) should be considered given the fact that the results of 
mtDNA and nDNA were generally congruent, although further mtDNA study will be 
necessary. 
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Figure 3.15. NJ tree of H. siamensis based on DC estimation. 
From the current study and other fish studies in the Mekong River, there is strong 
evidence that the evolutionary geomorphological history of this region has been a 
very important influence on evolution of patterns of intraspecific genetic variation in 
many wild aquatic populations. When configurations of modern and past 
geomorphology are quite different however, interpreting patterns of genetic variation 
can be difficult. In general, management plans for conservation have to consider fine 
scale spatial distributions of genotypes to guarantee long term species/population 
persistence. Therefore, understanding the phylogenetic relationships at both the inter 
and intra specific scale is essential for effective conservation, as well as to provide an 
insight into how geomorphological processes have influenced biodiversity patterns 
over evolutionary time. 
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Chapter 4: Pattern of genetic diversity in H. 
lobatus in the Mekong River 
4.1. Introduction 
H. lobatus is recognized as a highly migratory teleost that is endemic to the Mekong 
River Basin. This species is very abundant below the Khone Falls area (Figure 4.1.), 
especially during the annual migration periods (May-July and December-February). 
H. lobatus is considered to lead the annual migration of cyprinid fish taxa in the 
MRB including H. siamensis, Labiobarbus spp. and Paralaubuca sp. During the 
migration period between June-July, H. lobatus are believe to produce sounds 
(vocalisations) to attract conspecifics to migrate to spawning grounds. Ecological 
studies based on the sex ratio indicate that H. lobatus is a protogynous 
hermaphrodite, with individuals maturing first as females and later changing to males 
when individuals approach a size of around 60 mm (standard length) (Roberts and 
Baird 1995). While Henicorhynchus spp. are generally considered to be a relatively 
low value fish (despite the fishery being economically important), a recent study has 
shown that the value of this species is now higher than some Pangasid species in 
certain MRB markets. This potentially results from a growing local trend for 
restaurants to offer ‘speciality’ regional fish dishes across the MRB and a growing 
export market for Henicorhynchus spp. as a feed component (animal protein) for use 
in Pangasius and Channa aquaculture (Seng 2006). In addition to increasing local 
human populations (van Zalinge et al. 2003) coupled with increased illegal fishing 
(Swan and Gréboval 2004) and environmental damage caused by the use of 
agricultural chemicals, there are indications that wild Henicorhynchus resources 
across this region may be declining. This trend is evident particularly near major 
capital cities in the MRB including Ho Chi Minh City where the price of 
Henicorhynchus spp. has inflated recently due to a production shortage and rising 
export demand (Loc et al. 2009). Decreased fish production in the MRB potentially 
may lead to higher levels of poverty especially for small-scale fishermen and may 
impact local food security due to rapid price increases that will also affect export 
demand (Seng 2006). Furthermore, over the longer term this may have a negative 
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impact on sustainability of fisheries resources and biodiversity in general across the 
Mekong system as a whole. 
Effective fisheries management requires developing a comprehensive understanding 
of the biology, ecology and environmental factors that affect target fish populations. 
Fish populations as living resources, should reach equilibrium between growth (in 
mass and size) and mortality (from natural causes or exploitation), and because 
fisheries management aims to preserve fish resources, it is expected that the 
equilibrium point should be sustainable over the long term. Therefore, the biomass as 
well as the age structure of the population needs to be maintained so that the 
population is capable of ongoing self-renewal (Cochrane 2002). Where fish 
populations consist of multiple stocks, long periods of harvesting pressure on 
specific stocks, may decrease levels of genetic diversity and affect stock 
demography. Furthermore, where fish stocks behave independently, if pressures 
occur on one stock, this may not be counterbalanced by renewal from other stocks 
and hence this can endanger ongoing productivity of the overall fishery and its 
relative vulnerability to environmental change. As such, effective fisheries 
management should be focused at the finest scale at which discrete stocks are 
distributed across fishing grounds (Carvalho and Hauser 1994; McElhany et al. 
2000). Different stocks (subpopulations) may represent divergent genetic units 
(Cochrane 2002) that reflect different potential adaptability (Fraser and Bernatchez 
2001).  Over generations, with limited gene flow (dispersal), stocks may differentiate 
and evolve independently from other stocks (Bohonak 1999). 
Recent molecular analyses (mtDNA) of two economically important species of 
mudcarp (Henicorhynchus spp.) in the MRB have identified apparent discrete 
populations that may be exchanging genes to different degrees (Hurwood, Adamson 
and Mather 2008; Adamson et al. 2009). Although fisheries biologists concede that 
H. siamensis has a lower dispersal capability than H. lobatus (Poulsen et al. 2002), 
genetic diversity was higher in H. siamensis than in H. lobatus across the same 
geographical range. Other differences include that in the middle MRB, a single 
putative stock was identified for H. siamensis, while for H. lobatus two or three 
different stocks were detected. Furthermore, in the main Mekong River a single 
panmictic  population was detected in H. lobatus, whereas four divergent stocks were 
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detected in H. siamensis across this area. Different patterns of population structure in 
two morphologically and ecologically similar congeneric species may imply that 
other fish species at larger geographical scales in the MRB may also show divergent 
population structures. In addition, this is indicative of the presence of potential 
multiple management units. A major limitation of these studies however, is that they 
are only informative about female gene flow and hence potentially only provide a 
partial resolution of the status of sampled populations. The current study therefore 
examined patterns of genetic diversity and levels of gene flow in nDNA markers in 
H. lobatus across the MRB in an attempt to fully characterise wild stock structure. 
Microsatellite data were interpreted to address the following specific research 
questions that were identified from the outcomes of an earlier mtDNA study of H. 
lobatus (Hurwood, Adamson and Mather 2008): 
- Are patterns of population structure in H. lobatus for mtDNA and nDNA 
congruent?  
- Are discrete reproductive units evident for H. lobatus across the MRB? 
- Is the ecology and life history of H. lobatus related to observed patterns of 
population structure? 
- Is there any evidence for recent demographic changes in H. lobatus 
populations and could it be related to human activities such as fishing 
pressure? 
- How do diversity levels in H. lobatus compare with those described for H. 
siamensis across the same geographical area? 
4.2. Methods 
4.2.1. Sample Information 
Samples of H. lobatus had been collected previously from eight sites across the 
Mekong River Basin and from an adjacent drainage (Chao Phraya River) as an out 
group population (Figure 4.1). Details of sample collection were presented earlier in 
section 2.2.1. Number of sites in this study was less (although the total number of 
samples was higher) than that available in the earlier mtDNA study (Hurwood, 
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Adamson and Mather 2008) due to tissue sample degradation in some sampled 
populations. Details of H. lobatus samples screened here are presented in Table 4.1. 
 
Table 4.1. Sample information for H. lobatus 
Site Name Code n Latitude & Longitude  Collector/Date 
Chiang Rai CR  12 20o10’ N; 100o23’ E Thailand DoF/ Feb 2005 
Nongkhai NK  25 17o30’ N; 101o18’ E Thailand DoF/ Feb 2005 
Songkram SM  17 17o38’ N; 104o15’ E Thailand DoF/ Nov 2005 
Mukdahan MD  9 16o32’ N; 104o43’ E Thailand DoF/ Nov 2005 
Ubon Ratchathani UB  24 15o15’ N; 104o52’ E Thailand DoF/ Feb & Nov 2005 
TonleSap TS  31 12o15’ N; 104o40’ E Cambodia MRC/ April 2004 
Chau Doc CD  25 10o42’ N; 105o07’ E Vietnam RIA2/ April 2004 
Chainard CN  23 14o27’ N; 100o54’ E Thailand DoF/ Jan 2005 
Note: , upper to mid MRB; , middle MRB;  lower MRB; , different 
drainages; n, sample size; MRC: Mekong River Commission; DoF: Department of 
Fisheries; RIA2: Research Institute for Aquaculture No. 2 
 
4.2.2. Genotyping 
DNA was extracted using a modification of a salt extraction method (Miller, Dykes 
and Polesky 1988). Verification of Henicorhynchus species was undertaken via 
mtDNA sequencing (Hurwood, Adamson and Mather 2008). While microsatellite 
markers specific for H. lobatus had been developed for the study (Chapter 2), loci 
that were developed for H. siamensis were used to genotype H. lobatus individuals 
here to reduce the cost and time required to optimise specific loci for each species. 
Details of loci, PCR conditions etc. were presented earlier in section 2.1.1 
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Figure 4.1. Map of sampling locations (indicated in red), modified from Adamson et 
al. (2009). 
4.2.3. Data Analysis 
General statistical analyses were performed to assess genetic diversity in H. lobatus 
sampled populations (per site/per locus) and to evaluate population structure in H. 
lobatus across the MRB (see details in Chapter 2). Where appropriate, additional 
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analyses that were conducted on H. lobatus sampled populations exclusively are 
indicated in the text here, as implemented with software: 
• GENECLASS ver. 2  
This software was used to assess migration between groups (Piry et al. 2004). 
Parameters set for this analysis were Bayesian criteria proposed by Rannala 
and Mountain (1997) combined with a resampling method (Paetkau et al. 
2004). To identify potential migrants, Lh/Lmax likelihood test statistics were 
applied. The alpha level selected was 0.01 which is considered appropriate 
for determining a critical value (Paetkau et al. 2004). 
• SPSS v. 2.1 
This software performed dependent t-test and sample paired correlation 
(Mantel test) with 1000 bootstrap to check if suspected high null allele 
frequencies at specific locus could potentially influence population structure 
estimation in H. lobatus. The analysis was performed on the FST/RST/Dest 
matrices by comparing the dataset with and without the suspect loci.  
4.3. Results 
4.3.1. Diversity 
A total of 166 H. lobatus individuals from eight sites were genotyped using seven 
microsatellite loci developed for H. siamensis. A total of 64 PCR amplification 
reactions failed, possibly due to cross amplification of H. siamensis primers in this 
study, which resulted in 5.5% missing data (genotypes) in the final data set. All loci 
employed here were polymorphic, with number of alleles per locus varying from 
three (locus S24) to 17 (locus S12). Figure 4.2 shows the allele size distribution at 
each locus among sampled H. lobatus populations. Private alleles (site specific) were 
found at all loci and contributed to 31 of a total of 132 unique alleles. Private alleles 
at more than 5% in frequency at a site were found on only four occasions (8.3% for 
S14 allele 169 at UB, 5.6% for S21 allele 189 at MN, 6.5% for S5 allele 124 at UB 
and 6.8% for S5 allele 200 at NK). The largest numbers of private alleles present at a 
site were detected at NK, UB and CD, with eight alleles present at each site, 
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respectively, including five private alleles at the S12 locus at NK and six private 
alleles at locus S24 at CD.  
Only a single instance of significant linkage disequilibrium (LD) was evident in 
pairwise comparisons between loci and sites detected after FDR correction (α = 0.05, 
data test not shown) following the Benjamini and Hochberg (1995) method. This 
accounted for only 0.59% of a total of 168 LD pairwise comparisons. Very limited 
evidence for linkage disequilibrium indicates that the loci employed here were 
probably free of physical linkage. While FDR correction applying the Benjamini and 
Hochberg (1995) method has been considered to be less conservative and a powerful 
correction method for large multiple comparison tests (> 100 tests), the critical value 
for this method is often considered unsuitable (too high) for use in conservation 
studies (Narum 2006). A newer FDR method (Benjamini and Yekutieli 2001) is now 
generally considered more appropriate for small multiple comparison tests and is 
applicable to tests that may be non-independent and with an unknown statistical 
distribution (Narum 2006). Therefore, FDR using the Benjamini and Yekutieli 
(2001) approach was applied here for multiple comparisons to evaluate the <100 
comparisons in the current study (e.g. HWE, FST, etc.). 
A total 21 of 56 tests showed significant deviations from HW equilibrium (Table 4.2) 
after FDR correction (Benjamini and Yekutieli 2001). Of these, most were positive 
(seven tests) and involved locus S5. While deviations from HW equilibrium 
potentially resulted from presence of null alleles at individual loci as indicated by 
homozygote excesses in most cases, MICROCHECKER results only indicated two 
loci (S5, and S12) that potentially contained null alleles in more than 50% of the 
populations tested. Problems with null alleles and heterozygote deficiencies are not 
unexpected for microsatellite data in particular, when a cross amplification approach 
is used to screen microsatellite diversity (Panova et al. 2008; Bezault et al. 2011). To 
check if the S5 locus potentially could affect the inferred pattern of population 
structure in H. lobatus, a paired t test and sample paired correlation (Mantel test) 
were performed on the FST/RST/Dest matrices. Results of the paired t test showed that 
significant differentiation was observed with the FST/Dest matrices when either seven 
or six loci (α=0.05) were included while differentiation was non-significant when the 
RST matrix with either seven or six loci was examined. A highly significant 
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correlation was observed however, for all three matrices with either seven or six loci 
included, with the largest value evident with the Dest matrix (Table 4.3 and 4.4). In 
combination, these results suggest that patterns of population structure in H. lobatus 
estimated with either seven loci or six loci were similar, therefore, for all further 
analyses conducted here, all seven loci were included. Null allele adjustment was  
also not implemented for the H. lobatus dataset here even considering that null 
alleles could potentially reduce the validity of  population structure estimation (van 
Oosterhout et al. 2004), because adjusting for null alleles can also interfere with the 
accuracy of the estimation (Chapuis and Estoup 2007).  
 
 
Figure 4.2. Allele frequency distributions for H. lobatus  from tetra-nucleotide 
microsatellite loci screened in the current study. 
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Table 4.2. Basic genotyping statistics among sites; n, number of sample genotyped; n 
alleles is number of allele observed in each sample; allelic range, number of repeat 
observed; A, allelic richness; Ho, observed heterozygosity; He, expected 
heterozygosity; NAp, number of private allele; HWE value, test for deviation from 
Hardy-Weinberg Equilibrium, significant (*) at α = 0.05 after FDR correction; 
Average H = mean of heterozygosity across 7 loci ± standard deviation; G/W index = 
Garza-William Index across 7 loci ± standard deviation. G/w index lower than 0.68 
indicated by # 
Site Statistic Locus 
S2 S5 S12 S14 S21 S23 S24 
CR n 11 12 12 12 11 12 11 
n alleles 9 9 8 5 9 10 5 
allelic range 14 10 7 4 11 14 5 
A 8.17 8.28 7.61 4.25 8.22 9.4 4.92 
Ho 0.727 0.25 0.417 0.417 0.818 0.833 0.364 
He 0.788 0.888 0.884 0.529 0.844 0.92 0.727 
NAp 0 0 0 0 1 0 0 
HWE value 0.078 0.000* 0.000* 0.404 0.102 0.225 0.002* 
Average H  0.546 ± 0.22      
G/W index  0.81 ± 0.142          
NK n 23 22 24 23 24 22 25 
n alleles 13 17 16 6 14 13 4 
allelic range 13 19 19 8 21 17 5 
A 7.65 10.85 10.09 4.2 8.62 8.8 3.58 
Ho 0.565 0.727 0.667 0.478 0.542 0.864 0.76 
He 0.75 0.925 0.918 0.541 0.871 0.871 0.653 
NAp 0 1 2 0 5 0 0 
HWE value 0.015 0.015 0.010* 0.38 0.000* 0.292 0.019 
Average H  0.658 ± 0.127      
G/W index  0.75± 0.101      
SM n 17 17 16 17 17 16 17 
n alleles 9 10 11 4 7 11 5 
allelic range 12 14 12 3 10 17 6 
A 7.15 8.84 9.05 3.31 5.8 8.47 4.05 
Ho 0.294 0.529 0.625 0.529 0.647 0.688 0.647 
He 0.777 0.911 0.885 0.437 0.784 0.879 0.679 
NAp 0 0 0 0 0 0 0 
HWE value 0.000* 0.009* 0.015 1 0.139 0.072 0.427 
Average H  0.566 ± 0.124      
G/W index  0.74 ± 0.128        
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Table 4.2. Continued  
Site Statistic Locus 
S2 S5 S12 S14 S21 S23 S24 
MD n 9 9 9 9 9 9 9 
n alleles 8 11 11 8 6 9 3 
allelic range 14 12 16 15 9 9 5 
A 8 11 11 8 6 9 3 
Ho 0.556 0.444 0.667 0.889 0.444 0.889 0.444 
He 0.699 0.935 0.947 0.83 0.771 0.856 0.569 
NAp 0 0 0 1 1 0 0 
HWE value 0.117 0.000* 0.021 0.083 0.007* 0.745 0.723 
Average H  0.619 ± 0.187      
G/W index  0.65# ± 0.152          
UB n 22 23 21 24 21 24 22 
n alleles 16 12 13 9 7 14 7 
allelic range 21 17 14 10 9 16 9 
A 9.08 9.34 9.96 6.42 5.35 9.27 4.79 
Ho 0.682 0.435 0.714 0.75 0.333 0.667 0.591 
He 0.815 0.908 0.926 0.739 0.736 0.864 0.606 
NAp 3 1 0 2 0 0 2 
HWE value 0.121 0.000* 0.004* 0.284 0.000* 0.000* 0.234 
Average H  0.596 ± 0.144      
G/W index  0.76 ± 0.072          
TS n 31 31 30 31 31 31 30 
n alleles 13 14 17 9 8 14 6 
allelic range 17 15 17 9 10 15 6 
A 8.81 10.1 10.44 6.05 5.26 9.26 3.56 
Ho 0.387 0.581 0.8 0.419 0.742 0.645 0.467 
He 0.883 0.924 0.926 0.713 0.674 0.901 0.593 
NAp 1 0 0 0 1 0 0 
HWE value 0.000* 0.000* 0.02 0.000* 0.193 0.000* 0.282 
Average H  0.577 ± 0.149      
G/W index  0.84 ± 0.079          
CD n 25 25 25 25 22 22 23 
n alleles 12 12 17 8 9 16 11 
allelic range 16 13 17 8 14 19 19 
A 7.69 8.15 11.03 5.58 6.78 10.67 6.49 
Ho 0.56 0.28 0.88 0.68 0.682 0.955 0.652 
He 0.737 0.85 0.936 0.66 0.844 0.927 0.726 
NAp 1 0 0 0 0 1 6 
HWE value 0.005* 0.000* 0.554 0.059 0.123 0.945 0.075 
Average H  0.670 ± 0.203      
G/W index  0.76 ± 0.138        
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Table 4.2. Continued  
Site Statistic Locus 
S2 S5 S12 S14 S21 S23 S24 
CN n 19 22 20 23 22 22 22 
n alleles 14 14 12 7 10 8 5 
allelic range 16 18 12 6 13 13 4 
A 10.5 10.31 9.07 5.49 7 6.02 3.87 
Ho 0.474 0.545 0.8 0.739 0.636 0.727 0.545 
He 0.93 0.922 0.903 0.741 0.826 0.799 0.608 
NAp 1 0 0 0 0 0 1 
HWE value 0.000* 0.000* 0.335 0.383 0.023 0.129 0.251 
Average H  0.638 ± 0.112      
G/W index  0.82 ± 0.149          
 
Table 4.3. Bootstrap values for paired sample test 
 Mean Bootstrap 
Bias Std. Error Sig. (2-
tailed) 
95% Confidence 
Interval 
Lower Upper 
Pair FST seven & FST six 0.0057 0.00004 0.0024 0.035 0.0011 0.0103 
Pair RST seven & RST six 0.0233 -0.00004 0.0164 0.185 -0.0077 0.0552 
Pair Dest seven & Dest six 0.0066 0.00004 0.0028 0.04 0.0012 0.0124 
 
Table 4.4. Paired sample correlation estimates 
  N Correlation Sig. Bootstrap for Correlation 
Bias Std. 
Error 
95% Confidence 
Interval 
Lower Upper 
Pair FST seven & FST six 28 0.95 0.00 -0.001 0.031 0.879 0.987 
Pair RST seven & RST six 28 0.87 0.00 -0.004 0.064 0.711 0.952 
Pair Dest seven & Dest six 28 0.98 0.00 0.000 0.008 0.957 0.989 
 
In terms of diversity, the smallest average allelic ranges and number of alleles were 
detected at site CR (upper MRB), a result that likely resulted from the small 
individual sample number screened at this site, while the highest average allelic 
ranges and highest number of alleles were observed at site CD (lower MRB). 
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Average A (allelic richness) varied from 6.7 to 8.1, with the lowest value found at 
site SM and the highest value at site CD. Recent population declines were not 
indicated at any site screened with BOTTLENECK program, however a population 
decline was detected at the MD site, as indicated by a marginal M value (Garza-
Williamson index = 0.65) below the threshold level (0.68). A signal of population 
reduction at the MD site is likely related to the small sample size available at this site 
that could mask potential diversity actually present there, but not screened, or 
potential of admixture at the MD site (Garza and Williamson 2001). 
In general, microsatellite diversity for H. lobatus (with average allelic richness 7.56 
and mean heterozygosity 0.61) was very similar to that reported for H. siamensis 
(Chapter 3: mean allelic richness of 6.81 and mean heterozygosity 0.75). The 
diversity value in both Henicorhynchus species was also relatively similar with the 
mean expectation (allelic diversity 7.5 and heterozygosity 0.54) for freshwater fishes 
(DeWoody and Avise 2000) and other Mekong River fish, for example 
Pangasianodon bocourti (So, van Houdt and Volckaert 2006). Common alleles 
detected ranged between 2-6 alleles per locus and accounted for 85% of total alleles 
detected in H. lobatus while in H. siamensis (Chapter 3) they accounted for only 
58% of the total alleles observed. 80% of the common alleles in H. lobatus were 
detected in all sampled populations while in H. siamensis only 38% of common 
alleles were detected in all populations. This result suggest in a relative sense that 
contemporary H. lobatus populations were more homogeneous genetically compared 
with H. siamensis populations across the same geographical range in the MRB. 
 
4.3.2. Population structure 
The patterns of population pair wise estimates using Dest/FST/RST estimators were 
largely congruent. Significant correlations were detected in all comparisons; between 
Dest and FST (r = 0.766, p = 0.005), between Dest and RST (r = 0.66, p = 0.035), and 
between RST and FST (r = 0.8, p = 0.002) (Bonnet and Van de Peer 2002). The FST 
estimator in general, provided the lowest estimates, and identified 12 pair wise 
comparisons that were not significantly different among sites while for RST, 14 pair 
wise comparisons were not significantly differentiated (Table 4.5 and 4.6). Of this, 
nine comparisons were congruent when estimated from RST and FST. 
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Table 4.5. H. lobatus pair wise RST microsatellite data. Below the diagonal: P value of pair wise RST (significant for α = 0.05) and above the 
diagonal: pair wise RST estimation, highlighted cells indicate significance after FDR correction 
 
CR NK SM MN UB TS CD CN 
CR -- 0.134 0.029 0.241 0.111 0.125 0.232 0.357 
NK 0.000 -- 0.053 0.085 0.108 0.059 0.062 0.325 
SM 0.270 0.045 -- 0.131 0.043 0.01 0.135 0.29 
MN 0.027 0.099 0.081 -- 0.038 0.053 0.067 0.235 
UB 0.054 0.045 0.153 0.342 -- 0.022 0.154 0.107 
TS 0.009 0.018 0.243 0.171 0.216 -- 0.109 0.23 
CD 0.000 0.009 0.009 0.081 0.000 0.000 -- 0.356 
CN 0.000 0.000 0.000 0.009 0.000 0.000 0.000 -- 
Table 4.6. H. lobatus pair wise FST microsatellite data. Below the diagonal: P value of pair wise FST (significant for α = 0.05) and above the 
diagonal: pair wise FST estimation, highlighted cells indicate significance after FDR correction 
 
CR NK SM MN UB TS CD CN 
CR -- 0.03 0.019 0.067 0.027 0.05 0.035 0.071 
NK 0.045 -- 0.002 0.038 0.038 0.015 0.023 0.075 
SM 0.225 0.432 -- 0.049 0.035 0.027 0.021 0.087 
MN 0.009 0.009 0.036 -- 0.039 0.003 0.032 0.076 
UB 0.081 0.000 0.009 0.036 -- 0.037 0.03 0.042 
TS 0.009 0.072 0.036 0.631 0.000 -- 0.026 0.08 
CD 0.009 0.009 0.09 0.036 0.000 0.018 -- 0.067 
CN 0.000 0.000 0.000 0.000 0.000 0.000 0.000 -- 
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Both FST and RST estimates showed that the out group site (CN) was significantly 
differentiated from all other MRB sites as expected. The AMOVA results (Table 
4.7), showed that while overall population differentiation (fixation index) was higher 
for RST compared with FST, both FST and RST results yielded a similar pattern, with the 
majority of variation observed within populations. Significant but low FST estimates 
among populations can result from high diversity present within populations 
compared with diversity among populations that can potentially mask real population 
structure where it is present (Hellberg 2009). In addition, Dest estimates (Appendix 7) 
also show that the greatest pair-wise comparisons were evident between the out 
group site (CN) and all other sampled sites.  
The pattern of hierarchical structure among sites is presented as a neighbour joining 
tree (Figure 4.3) based on Dest estimates. The tree shows clear structure with the CN 
site (Chao Phraya River) clustered separately from all other MRB sites. In contrast 
no strong structure was evident between sites in the lower and upper MRB. 
Individual genotype contributions to the pattern of population structure are presented 
in Figure 4.4 (based on the FCA analysis). The three most variable factors among 
sites together (Figure 4.4.a) contributed approximately 60% of the variation detected. 
Consistent with the H. lobatus NJ tree, when the centre of population gravity (Figure 
4.4.b) is taken into account, the CN site clustered away from all other MRB sites. 
The TS site in the lower MRB and UB in the upper MRB also clustered separately 
from other MRB sites.  
In contrast at the individual level (Figure 4.4.c), some individuals at the TS site 
clustered closer to other MRB sites while some individuals at the UB site were quite 
separated from other MRB sites. These results indicate that gene flow is sufficient to 
prevent large differentiation among H. lobatus population across the MRB, and 
distance (log straight-line distance) does not seem to be a barrier to gene flow in this 
species as reflected in the non-significant IBD result (r = 0.3259, p = 0,117, applied 
to the Dest matrix). Interestingly, results of the previous mtDNA study (Hurwood, 
Adamson and Mather 2008) had detected significant structure between CN, UB and 
all other MRB sites. FST estimates (Table 4.6) indicate that the UB site was different 
to other MRB sites (except CR and MN) while RST estimates (Table 4.5) showed that
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the difference was only found with the CD and CN site. This indicates that nDNA 
allelic diversity in general was higher within a group rather than among groups.  
Table 4.7. AMOVA results from FST and RST analyses 
Analysis Source of variation d.f Sum of 
squares 
Percent of 
variance 
Fixation index 
(P value) 
FST Among populations 7 27.422 4.05 0.04 (0.000) 
Within populations 324 466.078 95.95 
RST Among populations 7 1789.65 14.59 0.146 (0.000) 
Within populations 324 10387.22 85.41 
 
Figure 4.3. Neighbour Joining (NJ) tree based on Dest estimates. 
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Figure 4.4. FCA results: a) the amount of inertia that describes the three factors used 
to reveal distinct group in the analysis, where the blue line indicates total of inertia 
across three axes, b) landscape plot for each population, c) landscape plot for all 
individual sample with different colour for each site. 
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Bayesian clustering of the microsatellite data analysed with STRUCTURE and BAPS 
showed no evidence for significant population structure. Therefore, Bayesian 
analysis was repeated applying a new admixture model (LOCPRIOR) as 
implemented in STRUCTURE using more sample information to improve the power 
for detecting structure when population differentiation is weak (Hubisz et al. 2009). 
Results of the second analysis identified 5 different groups (Figure 4.5). Population 
clusters identified (Figure 4.6) were CN (dominant pink), CD+MD (yellow with mix 
colour), TS (dominant red), UB (dominant yellow-blue) and the remaining MRB 
sites (dominant yellow-green). While this outcome to some extent reflected the 
pattern in the earlier mtDNA study (Hurwood, Adamson and Mather 2008) where the 
CN, UB and the remaining of Mekong River sites clustered separately, 
differentiation between groups was weaker based on the nDNA dataset compared 
with that evident in the mtDNA study. 
  
Figure 4.5. Bayesian Clustering result; a. plot of ∆K with the highest peak 
considering as the best group number and b. Mean of log probability of data 
(LnP(D)). 
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Figure 4.6. Bar graphs depicting the membership of individual samples in a group 
obtained from Bayesian cluster analysis with K=5 groups; above, based on individual 
Q (proportion of ancestry) value; below based on population Q value. 
Genetic structure of the populations can also be evaluated based on the correct 
assignment rate of individuals to their sampled sites (Bergl and Vigilant 2007). 
Results of an exclusion test with resampling applied with GENECLASS ver. 2 
produced a high level (87%) of correct individual assignment rate (Figure 4.7), when 
the highest probability assignment of individuals to site was considered. Of this, 
95.8% could also be assigned to other sites as a source population. Individuals who 
were mis-assigned can be classified either as; members from the same group, 
originated from a different group(s) or in subsequent analysis identified as migrants. 
Of interest, 66.7% of mis-assigned individuals (assigned to different group) had the 
highest probability of being derived from site CD. This may indicate that individuals 
sampled at the CD site may have dispersed widely across the MRB. 5% of 
individuals from the CR, NK, SM and TS sites were identified as potential migrants 
(individuals were not born at site where they were sampled). In general, the 
assignment pattern was similar to the pattern generated with STRUCTURE, where 
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‘yellow’ individuals were detected at all sites. This suggests that there was sufficient 
gene flow to minimize differentiation among sites.  
 
Figure 4.7. Distribution of highest probability assignments based on GENECLASS 
result.s  
4.4. Discussion 
4.4.1. A comparison of population structure patterns for H. 
lobatus estimated from the mtDNA and nDNA datasets 
Contemporary genetic structure for H. lobatus in the current study indicate five only 
weakly supported subpopulations (Figure 4.6) across the main MRB while the 
previous mtDNA studies had identified a single population across the same 
geographical range (Hurwood, Adamson and Mather 2008). The differentiation 
between the out group site (CN) with all other MRB sites was significant however, in 
both the nDNA and mtDNA analyses. Another similarity with the results of the 
mtDNA study was that the UB site at the Mun-Chi River confluence (Mekong-Mun-
Chi River intersection) clustered separately from all other MRB sites (Figure 4.6), 
although the level of differentiation was much lower than was evident in the mtDNA 
study. A lower fixation index evident for the microsatellite dataset (Table 4.7) 
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indicates that the majority of variation was detected within populations, a pattern that 
could conceal actual differentiation among subpopulations (Jost 2008).  
While inferences need to be made cautiously due to the numbers of homozygote 
excesses detected in the nDNA dataset, heterozygote deficiencies would be expected 
to be more common for sites that possessed highly divergent mtDNA haplotypes 
(e.g. CN and UB sites) that reflect isolated breeding units compared with other sites 
that possessed closely related mtDNA haplotypes (MRB). This result was not evident 
however, in the present analysis. HW equilibrium deviations that resulted from 
heterozygote deficiencies at locus S5 were evident at all sites (except NK). When 
this locus was excluded from the analysis, significant HW equilibrium deviations 
were still evident (data not shown). Deviations from HW equilibrium can result from 
a number of processes including from sampling bias or biological factors including 
assortative mating and selection acting on particular alleles or genotypes (Selkoe and 
Toonen 2006). Many fish species have been observed to show strong homozygote 
excesses for microsatellite data (Castric, Bonney and Bernatchez 2001; Hoarau et al. 
2002). In particular, Wahlund effects (sampling individuals that essentially represent 
different gene pools) cannot be ruled out for H. lobatus due to their reported 
ecological trait of undertaking extensive migrations (Poulsen et al. 2004) across the 
main MRB. Significant deviations from HW equilibrium were evident at four loci 
(out of seven loci) at the UB and TS sites and may indicate that the outcome of non-
random mating was evident at these sites, potentially resulting from assortative 
mating or mixing of sub populations. Wahlund effects have been detected in brook 
charr (Castric, Bonney and Bernatchez 2001), where sympatric populations are 
present at sites after secondary contact between two morphologically and genetically 
divergent lineages that now co-exsist.  
While individual membership of groups in STRUCTURE (Figure 4.6) did not provide 
a clear pattern of population differentiation for the H. lobatus samples, a clear picture 
of how populations grouped can be inferred from the percentage of partitioning of 
sample populations into clusters generated in STRUCTURE (Figure 4.8, Table 4.8). 
Table 4.8 shows that populations can be incorporated into more than a single group, 
indicating that the differentiation among groups was low (potentially mixed 
samples). Indeed, the LOCPRIOR (population information) model used in 
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STRUCTURE analysis suggests this interpretation. When the highest proportion of 
populations (Table 4.8) was considered to be the correct grouping, all clusters had 
their representative site member except for cluster 4. But when the highest proportion 
within a cluster was also considered as the correctly assigned member, the UB site 
(red number, Table 4.8) could be clustered as cluster 4. This may explain the 
uncertainty of clusters in Figure 4.6. Based on the highest proportion of populations 
in a cluster and the highest proportion within a cluster, the clusters (K = 5) identified 
in the H. lobatus samples were CN (outgroup), TS, NK, UB and all other MRB sites.  
Table 4.8. Partitioning of H. lobatus populations into 5 clusters as inferred from 
STRUCTURE. Red number indicate highest proportion in a cluster (please see text 
for more information). 
Code Site N Inferred cluster 1 2 3 4 5 
1 CR 12 0.5514 0.0143 0.2533 0.128 0.053 
2 NK 25 0.3432 0.006 0.3932 0.2448 0.0127 
3 SM 17 0.6251 0.0124 0.3207 0.0302 0.0116 
4 MD 9 0.6023 0.1396 0.0286 0.2108 0.0187 
5 UB 24 0.5312 0.0122 0.0289 0.3633 0.0644 
6 TS 31 0.2145 0.4358 0.2575 0.0419 0.0503 
7 CD 25 0.5109 0.0945 0.158 0.2303 0.0063 
8 CN 23 0.2161 0.0411 0.0244 0.0299 0.6885 
When sites where data from both mtDNA and nDNA were compared (with the CR 
site as a replacement for site BP), a significant correlation was detected between FST 
estimates from the mtDNA (Hurwood, Adamson and Mather 2008) and the nDNA 
dataset here (r = 0.55, p = 0.025). This indicates that the genetic structure patterns 
estimated with both marker types were essentially congruent, although more 
structure was evident in the nDNA study. While concordant genetic patterns between 
mtDNA and nDNA markers would be expected to give a clearer picture about 
historical evolution of target species, incongruence between patterns in the two 
markers types for the same populations can also provide insights about important 
evolutionary processes including hybridization following secondary contact (Lu, 
Basley and Bernatchez 2001). 
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Figure 4.8. Diagram showing how populations clustered when K values increased; 
population code can be seen in Table 4.8, pie charts show the proportion of each 
population represented in each cluster, as inferred from Table 4.8. 
4.4.2. Patterns of population structure in H. lobatus in the Mekong 
River  
Genetic drift and local adaptation, in association with extensive geographical ranges 
have often been invoked to explain intraspecific variation (Palumbi 1994; Carini and 
Hughes 2004). Diversity in general may reflect the ability of a species to adapt to 
environmental fluctuations and to disperse over wide ecological ranges (Sexton et al. 
2009). In general, freshwater fishes often show strong genetic structure as a 
consequence of ecological factors. Different land gradients, waterfalls and extensive 
geographical distance can provide potential barriers to effective dispersal across 
drainages and may isolate fish populations (Crispo et al. 2006; Tatarenkov, Healey 
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and Avise 2010). Evolution of drainages by slow continuous erosive events or major 
physical changes such as historical glacial /volcanic impacts may also alter drainage 
connections and are often considered essential for shaping contemporary 
intraspecific population structure (McGlashan and Hughes 2000). While drainage 
evolution may allow previously isolated species to expand their natural distributions, 
population connectivity may also be lost resulting in population diversification (early 
speciation) (Loxterman and Keeley 2012). 
Recognition of different migration patterns in many fish species in the MRB may 
reflect potential complexity for genetic structure in H. lobatus populations across this 
region (Poulsen et al. 2004). As had been expected, where recent historical 
connectivity was evident, strong differentiation was apparent for H. lobatus 
populations among different drainages (Chao Phraya River and MRB), both in the 
mtDNA (Hurwood, Adamson and Mather 2008) and nDNA datasets. Obvious 
physical barriers (eg. Khone Falls) are likely constraints however, on wide upstream 
dispersal of H. lobatus as is evident in the previous mtDNA study. While results of 
the current study indicate that upstream dispersal between the lower and middle 
Mekong River (SM, MD and CD) is ongoing, the upper Mekong distribution (NK) 
was constrained. The Stream Hierarchy Model applied with the STREAM TREES 
approach (Kalinowski et al. 2008) predicts that the greatest variation should be found 
among drainages and this pattern was confirmed (r2 = 0.72) here for H. lobatus. 
Within the MRB, diversity among sites was generally very low except for the TS site 
where population differentiation was almost as high as that evident among drainages 
(data not shown). These results indicate different levels of gene flow have influenced 
the contemporary population structure present now in H. lobatus population across 
the main MRB. 
Three fish migration patterns have been identified across the MRB based on spatial 
habitat variation during the flooding and dry seasons, referred to as the lower, middle 
and upper migration patterns (Poulsen et al. 2002). For many fish species in the 
MRB, migration patterns potentially overlap, especially between the lower and 
middle Mekong River. The upper Mekong is generally considered to be more 
isolated as a consequence of different river morphology. As the upstream river 
becomes steeper and deeper, flooded areas during the wet season are generally rare, 
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thus reducing connectivity between the middle-low and upper river pathways 
(potentially this could drive divergent evolution of subpopulations) (Poulsen et al. 
2002; Baran 2006). Habitat preferences or different migration patterns may also 
contribute to significant genetic structure in the upper MRB even where there is lack 
of obvious physical barriers to dispersal (Hurwood, Adamson and Mather 2008).  
While in general, accumulation of downstream diversity is not unexpected within a 
single drainage (due to stream flow direction), this was not evidence in the current 
nDNA dataset (Table 4.2). The percentage of private alleles after controlling for 
sample size at upstream sites (CR and NK) was 24% while in the middle (MD and 
UB) and lower MRB (TS and CD) sites they were 30% and 18%, respectively. This 
result indicates that gene flow in general was high among all sites across the MRB. 
This finding was supported by the outcome of the assignment test that identified 
potential individuals from the CD sites at all other MRB sites sampled. Genetic 
structure where it was evident was also not related to geographical distance as 
suggested by a non-significant IBD result. Interestingly, this pattern of diversity was 
similar to that reported in the earlier mtDNA study (Hurwood, Adamson and Mather 
2008). Support for a single population across the same geographical range (below 
and above the Khone Falls as in the SM, MD and CD sites in the current study) was 
also reported for the Mekong catfish (Ngamsiri et al. 2007). 
The finding that a population of H. lobatus at the UB site (mouth of the Mun River) 
was quite divergent from all other MRB sites when K was set at 5 (Figure 4.6 and 
4.8) also reflect results in the mtDNA study. But when the outgroup site (CN) was 
excluded from the analysis, STRUCTURE (with the LOCPRIOR model) could only 
identify 2 groups that differentiated the TS site from all other MRB sites. A 
subsequent analysis that excluded the TS site could not differentiate the UB site from 
any other MRB site (data not shown). While K equal 5 was considered to be the best 
K value (Figure 4.6 and 4.8), potential real structure was detected when K was set at 
3 (second peak in Figure 4.5). This inference (K =3) was made because when the 
most different sites (CN and TS) were excluded from STRUCTURE analysis, no 
significant structure was evident in H. lobatus dataset. If this analysis constitutes a 
true reflection of real population differentiation, then results were not consistent 
between the mtDNA and nDNA analyses. While incongruence between data from 
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the two marker types could potentially indicate male biased dispersal, this pattern is 
uncommon or has yet to be reported in freshwater fish species (Consuegra and de 
Leániz 2007).  
 The prehistoric Mun-Chi River in the Khorat Basin was once connected to the 
headwaters of the Siam River (Chao Phraya River) during the early to middle 
Pleistocene (Rainboth 1996b). Recent tectonic events in the Khorat Plateau have 
changed the drainage boundaries across this region. The proto Mekong River 
apparently captured the Siam River headwaters an event estimated to have occurred 
at around 3mya and the modern Mekong River was established, estimated to have 
occurred 5 mya (late Pleistocene) (Brookfield 1998). River capture has been 
suggested to explain the genetic structures of some aquatic species within the same 
river (Hurwood and Hughes 1998; Waters et al. 2001; Burridge, Craw and Waters 
2006). Considering the different mutation rates between mtDNA and nDNA, this 
would suggest that recent secondary contact may have occurred between previously 
isolated H. lobatus populations. Of interest, potential for mixing of real stocks 
(between UB and SM; MD) was also detected in the earlier mtDNA study that 
identified the existence of a single individual haplotype from the Mekong River at 
the Mun River (UB) site (Hurwood, Adamson and Mather 2008). Extensive 
admixture has been reported in SE Asia freshwater fish lineages (Dodson, 
Colombani and Ng 1995; McConnell 2004) as a consequence of Pleistocene climatic 
fluctuations. It has also been reported in other Mekong River fish including Sutchi 
catfish (So, van Houdt and Volckaert 2006). 
While allele sharing usually indicates population mixing, the possibility exists that 
allele sharing can be detected in a population without continuous gene flow. When 
different mtDNA lineages are present in two populations that share nDNA alleles, it 
is likely that these alleles have evolved independently (Tonione, Johnson and 
Routman 2011). Alternatively, due to different population effective sizes and 
mutation rates, nDNA lineages will achieve reciprocal monophyly more slowly than 
will mtDNA alleles, and allele sharing may indicate retention of nDNA ancestral 
polymorphisms but not for mtDNA alleles (Moore 1995). Admixture of two different 
mtDNA lineages at the mouth of the Mun River (UB) in the middle MRB was also 
detected in a Mekong snakehead (Adamson, Hurwood and Mather 2012). In 
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addition, admixture of different lineages can (in theory) increase and produce novel 
genetic variation that may potentially enhance local adaptation (Lavergne and 
Molofsky 2007).  
Presence of a divergent subpopulation in the LMB (TS) was an unexpected outcome 
based on the fact that an apparent obvious physical barrier like the Khone Falls did 
not constrain upstream dispersal by H. lobatus. As geographical distance is unlikely 
to have influenced the pattern observed, the remaining possible explanation for the 
genetic divergence detected is migration pattern. Well known migration patterns 
below the Khone Falls (Figure 3.13) are undertaken by Henicorhynchus species that 
cover all stream sections downstream including the Tonle Sap (Poulsen et al. 2002). 
The Tonle Sap River (stretching 100 km) that connects the Mekong River and the 
Tonle Sap Lake changes in flow direction as water levels in the Mekong River rise 
and fall with the monsoonal cycle. During the flood season, water flows into the 
Tonle Sap River toward the lake, causing the expansion of the lake to more than 
four-fold lake size during the wet season. In the dry season, the water flowing to the 
Mekong delta in southern Vietnam includes outflow from the Tonle Sap River 
(Lamberts 2001).  
All sampling for the current study was undertaken during the dry season. It is likely 
therefore, that not all H. lobatus individuals move back to the Mekong River from 
the Tonle Sap Lake during this time. Potentially some H. lobatus individuals remain 
in the Tonle Sap Lake and may represent a resident subpopulation while others 
potentially migrate with the season. Different environments occupied by various H. 
lobatus individuals likely shape different genetic structures between these sites. 
Different levels of gene flow as a consequence of different environmental factors 
(river length and substrate) reported for Atlantic salmon can produce potential for 
local adaptation and affect genetic structures (Perrier et al. 2011). Different 
population structures between the Tonle Sap and the Mekong River have also been 
reported in bronze featherback, Notopterus notopterus (Takagi et al. 2006).  
Incongruent genetic patterns as consequence of secondary contact, both in mtDNA 
and nDNA markers have been reported in other fish taxa (Lu, Basley and Bernatchez 
2001). While in prehistory, the Tonle Sap Lake was small and located in its current 
place, it was disconnected from the proto Mekong River estimated at 7.5 to 5.5 kya  
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and only recently connected, an event estimated to have occurred at 5.7 kya 
(Campbell et al. 2006). Following connection with the Mekong River, there may 
have been admixture between the Tonle Sap and Mekong lineages, and subsequently, 
due to stochastic genetic drift effects, new descendants may have lost some unique 
haplotypes that differentiated the two lineages. As a consequence, modern 
descendants maybe mis-identified as a single lineage based on their mtDNA 
genotypes. In contrast, given the fact that most microsatellite loci in general possess 
many alleles, it is unlikely that drift alone would produce genetic combinations that 
mis-identify single lineages following hybridization (Lu, Basley and Bernatchez 
2001).  
The earlier mtDNA study (Hurwood, Adamson and Mather 2008) indicated a 
demographic expansion of the Tonle Sap population. A recent connection between 
the Tonle Sap Lake and the Mekong River may have promoted a population 
expansion of H. lobatus in the new floodplain area of the Tonle Sap. While diversity 
is expected to accumulate in downstream sections, this was not evident either in the 
earlier mtDNA or in the nDNA data. This suggests that divergence of the Tonle Sap 
population (downstream region) could also be the consequence of a recent population 
expansion when a new H. lobatus population was able to colonize the Tonle Sap 
Lake.  
 Inferences about population structure in freshwater fish can be quite challenging 
when different populations co-exist within the same geographical range (Carvalho-
Costa, Hatanaka and Galetti Jr. 2008), especially when coupled with evidence for 
modern drainage rearrangement. Previous genetic studies of fish taxa have also often 
detected a finer scale of population structure when additional samples were added 
(Laikre, Palm and Ryman 2005; Godinho, Kynard and Godinho 2007; Horne et al. 
2013). Therefore, further studies will be necessary to fully resolve the 
phylogeographical history of H. lobatus populations in the MRB, including taking 
samples from different seasons and more sampling sites. In addition, applying 
specific microsatellite markers that have been developed and optimized for H. 
lobatus directly (Chapter 2) may potentially provide a more detailed picture than is 
evident from data in the current study. 
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Chapter 5: General Discussion 
The Mekong River Basin has had a complex geological history, with a number of 
significant geomorphological events (tectonic uplift, drainages rearrangement) that 
have occurred over recent times (across the Quaternary). These changes have 
affected the distribution and patterns of variation in many taxa in this region 
(biodiversity, genetic diversity and population structure) (Rainboth 1996a; Inger and 
Voris 2001; Lukoschek et al. 2011). A complex geomorphological history has likely 
impacted phylogeographical patterns in many freshwater taxa so that models like the 
Stream Hierarchy Model (Meffe and Vrijenhoek 1988) may not always be applicable 
to many Mekong River taxa. A zoogeographical study of freshwater systems across 
the MRB by Abell et al. (2008) detected a diversity of different faunal distributions 
that would indicate that different ecological traits in a dynamic system have often 
produced complex evolutionary patterns. For example, for sutchi catfish 
(Pangasionodon hypophthalamus), three discrete genetic stocks were identified (So, 
Maes and Volckaert 2005; So, Maes and Volckaert 2006) while only a single 
panmictic population was detected for a close relative the giant catfish (P. gigas) 
across the same distribution (Na-Nakorn et al. 2006; Ngamsiri et al. 2007). This 
indicates that apparent similarities in ecology and life history traits among taxa do 
not necessarily produce common population structures in target species in this 
system. Very different population structure patterns in these taxa suggest that 
contemporary population structure in Mekong River fish is more likely to have been 
shaped by external historical processes that were experienced idiosyncratically by 
each species. 
In the middle and lower MRB, the target species in the current study, the closely 
related mud carps; Henicorhynchus lobatus and H. siamensis are very abundant. 
Approximately 21% of the whole inland fish catch in Cambodia each year is 
contributed by H. lobatus, so this species is considered to be the most valuable fish in 
this region (Baran 2005). Recognition of its value is evident in its local common 
name (trey reil) that is the same for the Cambodia currency (reil) (Bao et al. 2001). 
Together, Henicorhynchus species contributed 67.5% to the total bag-net fishery in 
the Tonle Sap River in Cambodia in 1994 (Lieng, Yim and van Zalinge 1995). The 
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same species is also very important in the Khone Falls area, where they rank first 
(45.4% for H. lobatus) and third (5.4% for H. siamensis), respectively of the total 
catch from the fence-filter traps in this region (Baird, Flaherty and Phylavanh 2003). 
So, their long term sustainability across this region is critically important to local 
people and to the local economy.  
While currently there are no reliable data to support fisheries production declining in 
the Mekong River that results from increased fishing effort or other factors in this 
area, there are indications that capture of certain species is already in decline (due to 
overfishing), especially for medium to large size fish taxa (van Zalinge et al. 2003; 
Baran and Myschowoda 2008). Declines in larger fish species numbers (mostly 
predatory species) will lead successively to fisherman targeting smaller sized 
common species (such as Henichorhyncus spp.) because returns will be greater than 
for uncommon species, and this is likely to impact overall fish production 
(Welcomme et al. 2010). A recent study has identified that high and increasing 
anthropogenic activity (fishing, agriculture) and general environmental degradation 
has already produced negative effects on fish catches of even small fish species 
(Seng 2006), which over time has potential to threaten Mekong biodiversity, food 
security and livelihoods of local people that are highly dependent on Mekong River 
fish resources. 
The current study focused on assessing the extent of natural gene flow and genetic 
exchange among selected wild stocks of two economically important species of 
mudcarp in the MRB.  In particular, the study assessed whether the stock structures 
identified earlier for both species based on mtDNA gene markers (Hurwood, 
Adamson and Mather 2008; Adamson et al. 2009) result from historically 
disconnected populations that may have been reconnected in modern times and hence 
may still be able to interbreed. Since patterns of mtDNA variation inform only about 
maternal gene flow, recognition of discrete breeding units for Henicorhynchus spp. 
required verification via molecular analysis of nDNA. Recently, microsatellite 
markers have been used widely in fisheries research to improve management and 
conservation of aquatic resources (O'Connell and Wright 1997; Chand, de Bruyn and 
Mather 2005). Microsatellite markers have proven very effective for analysis of 
genetic structure and can provide important information as a basis for developing 
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effective conservation and management of biological resources (Jarne and Lagoda 
1996). 
A comprehensive analysis of stock structure of the two Henichorhyncus species can 
determine if they truly have been co-evolving under similar environmental impacts 
or potentially they have been influenced by different environments,independently 
over time. Either way, when confirmed, this can provide a platform for designing 
long term sustainable management practices for each species. Potentially the 
respective species may require different strategies and practices to conserve this 
important food resource for people in the MRB into the future. Understanding at 
what scale the two species should be managed in the MRB will address an important 
issue for local fisheries/managers and contribute to ongoing availability of 
sustainable food resources for local people in the MRB. 
5.1. A comparison of patterns of population structure 
in the two target Henicorhynchus spp. across the 
MRB  
Patterns of genetic structure in the two Henicorhynchus spp. across the same 
geographical range in the Mekong River were quite obviously very different, even 
while earlier ecological studies had suggested that their individual life history traits 
were essentially indistinguishable. While both species apparently share similar 
ecological traits including undertaking annual migrations across the MRB, fisheries 
biologists have conceded that H. siamensis probably has a lower dispersal capability 
than does H. lobatus (Baird, Flaherty and Phylavanh 2003) and if confirmed, this 
could result in overlapping populations across the system (Poulsen and Valbo-
Jørgensen 2000). Concordant results, between (Adamson et al. 2009) and nDNA 
dataset, suggest that the three population groups (stocks) of H. siamensis (NK, BP-
MMB and LMB; Figure 5.1.a) in the Mekong probably have been present there for a 
relatively long evolutionary time period. The major factor identified that could have 
produced this pattern was drainage evolution of the Mekong River itself in 
combination with ecological differentiation of each historically isolated population 
(spawning time, migration pattern, etc.). The pattern evident for H. lobatus was 
however very different across the same geographical range in the MRB. More 
112 
 
structure was evident in the lower Mekong River in H. lobatus based on nDNA than 
was evident for H. siamensis, suggesting that divergence among ‘stocks’ probably 
occurred only recently.  
In general, contemporary distribution patterns of freshwater fish are expected to 
reflect historical evolution of drainage connections as a consequence of physical 
habitat constraints and obligate connection to the medium (freshwater) (Bermingham 
and Martin 1998). This was evident for H. siamensis (Figure 5.1.a). The earlier 
mtDNA study (Adamson et al. 2009) had detected genetic similarity between H. 
siamensis populations sampled from the upper MRB (NK) and from the Klong River 
(KB) that likely reflect past drainage connection between the proto Mekong and 
Klong drainage during the Pleistocene era, a physical connection that no longer 
exists. Results of the current study support this hypothesis and also detected genetic 
similarity of populations of H. siamensis between these two rivers and the Chao 
Phraya River (CN), suggesting that the three adjacent rivers were all once physically 
connected in the past. The modern Mekong River apparently captured the headwaters 
of the Siam River (prehistoric Chao Phraya) an event estimated to have occurred at 3 
mya (Brookfield 1998; Attwood et al. 2008). Historical drainage connections 
between the Mekong and Chao Phraya rivers is also supported by patterns of stock 
structure in a number of other freshwater taxa including Thai medaka (Takata et al. 
1993), catfish (Na-Nakorn et al. 1998; Leesa-Nga et al. 2000) and a gastropod 
(Glaubrecht and Köhler 2004).  
Evidence for structure in the upper Mekong region (NK) in both Henicorhynchus 
spp. indicates that a potential barrier to dispersal may have existed historically and 
may still constrain dispersal to downstream Mekong sites. This potential barrier may 
also have contributed to upper MRB differentiation in other taxa in the Mekong 
River e.g. a freshwater snail (Attwood et al. 2008) and snakehead fish (Adamson, 
Hurwood and Mather 2012). While river capture has played an important role in 
shaping population structure of aquatic taxa within the same drainages (Hurwood and 
Hughes 1998; Waters et al. 2001; Burridge, Craw and Waters 2006), divergent 
substructure in the upper Mekong potentially results from a lack or reduced 
connectivity between the upper and middle-lower regions due to different river 
morphologies (Poulsen et al. 2002; Baran 2006). While the earlier mtDNA studies 
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also identified strong genetic structure at a site above NK in both Henicorhynchus 
species, this pattern was not evident here. Considering the evidence for low 
connectivity between these sites with downstream sites (low gene flow among sites), 
this may result from similarities in nDNA alleles resulting from them having evolved 
independently and resulting in evolution of similar allelic states by chance (Tonione, 
Johnson and Routman 2011). Alternatively, this pattern could indicate independent 
retention of ancestral nDNA alleles (but not mtDNA alleles) considering the slower 
mutation rate and higher population effective sizes of nDNA compared with mtDNA 
(Moore 1995). While this result indicates potentially different stocks exists in the 
river stretch above the Khone Falls in both Henicorhynchus species, the number of 
sites that represented each stock was not equal (only one for each NK, BP and CR 
site). Therefore, to clarify potential for stocks above the Khone Falls, additional 
sampling at a finer spatial scale, especially in the river stretch between NK and 
BP/CR will be necessary. 
 
 
 
 
Figure 5.1. Population structure of H. siamensis (a) and H. lobatus (b). Different 
colours in each species indicated genetically different stocks; dash line indicates 
potential management unit. 
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The Mun-Chi River in the middle MRB is considered to have connected with the 
modern Mekong River only in relatively recent times (Rainboth 1996b). The earlier 
mtDNA study of H. lobatus populations supports an historical drainage 
disconnection between these two rivers, with divergence at around 2.5 – 3 mya 
between the Mun-Mekong populations and around 4.8 between the Mekong-Chao 
Phraya populations (Hurwood, Adamson and Mather 2008). This suggests that the 
prehistory Chao Phraya H. lobatus population may have experienced longer isolation 
than the proto Mekong population. The paleo-Khorat Plateau (middle MRB) was 
apparently characterized by a deep river valley and high mountain ranges. 
Geomorphological fluctuations during the Quaternary apparently changed this 
feature into a highly eroded lowland (Lukoschek et al. 2011). The Khorat Plateau 
may potentially provide strong isolation of many aquatic taxa in this region, and as 
consequence phylogeographic structure of many taxa on this plateau is unlikely to be 
similar. For example, patterns of diversity in H. siamensis populations in the middle 
Mekong identified only a single population in this region (Adamson et al. 2009; 
Chapter 3). Indications of isolation of the Mun-Mekong population have been 
reported for Mekong mud snake (divergence at around 0.5 mya), although they were 
not highly divergent (Lukoschek et al. 2011).  
One interesting pattern in the current study is the evidence for extensive gene flow 
between two divergent H. lobatus lineages (Mun-Mekong River) when potential 
‘real’ population structure recognized three stocks (CN, TS, MRB; Figure 5.1.b). 
This suggests potential gene flow between the Mun-middle MRB populations 
following secondary contact. Such convergence (re-contact) after allopatric isolation 
is unusual, especially when drainage connection is relatively young. While 
reproductive compatibility after long isolation is uncommon, some studies have 
reported that reproductive compatibility in sister taxa can be maintained for as long 
as 5 mya (Bowen et al. 2001; Zigler et al. 2005) and up to 12 mya (Richmond and 
Jockusch 2007). This suggests that secondary contact and gene flow among H. 
lobatus historically isolated populations is possible and potentially has implications 
for sustainability of biodiversity in the Lower Mekong Basin.  
In combination, results of the earlier mtDNA studies (Hurwood, Adamson and 
Mather 2008; Adamson et al. 2009) and data here suggest that divergence of 
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Henicorhynchus spp. in the MRB indicate that H. siamensis has existed in the 
Mekong system for a long time while H. lobatus probably has not and that this 
species has probably only recently colonised the system.Evidence to support this 
hypothesis, includes that a single genetic population was evident for H. lobatus in the 
middle and lower MRB while for H. siamensis, three different genetic populations 
were detected, with the Khone Falls potentially having acted as a physical barrier to 
gene flow for H. siamensis, at some time during the river’s evolution. 
Phylogeographical patterns for snakehead fish in the MRB show a strong influence 
of historical drainage evolution on the genetic structure observed (Adamson, 
Hurwood and Mather 2012) and the similarity of this phylogeography pattern with 
genetic structure of H. siamensis  also suggest that both snakehead fish and H. 
siamensis were likely to be present in the river long before modern Mekong River 
established. In addition, different population structure was identified for H. lobatus 
nDNA between the Tonle Sap and the main Mekong stream. Considering that H. 
lobatus is most likely to be a relatively new colonist in the main Mekong River, this 
suggests that ecological factors potentially have influenced gene flow between these 
sites.  
Recognition of different stocks of H. siamensis across the Mekong River suggests 
that populations had evolved independently in the past and have only recently 
connected. These populations may possess different ecological life history traits that 
are related to different environmental conditions and may include variation in 
breeding times or different migration pathways so that genetic exchange with 
adjacent stocks may be limited or even absent. H. lobatus in contrast, appears to have 
experienced a recent population expansion in the Mekong River that occurred when 
the modern Mekong established. Contemporary stocks of H. lobatus in the MRB 
may now depend on migrant individuals to maintain levels of genetic diversity and 
relative population size, or may have evolved specific ecological traits that obligate 
them to a specific habitat or habitats for certain phases of their life cycles. 
Overall, more geographical structure was detected for H. siamensis than for H. 
lobatus across the MRB and this suggests that natural dispersal has been more 
constrained (less dispersal occurs) in H. siamensis. In particular, this may be because 
the ancestor of H. lobatus was prevented from dispersing across the species current 
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distribution in the Mekong system potentially by a previously long-established 
barrier to migration when major local drainages were disconnected. Indeed, the 
modern Mekong River is relatively young, estimated to have evolved only during the 
late Pleisocene 5 kya  (Rainboth 1996b; Brookfield 1998).  
Henicorhynchus spp. are members of the cyprinid, subfamily Labeoninae  (Yang and 
Mayden 2010) and the Labeonin tribe (of which Henicorhynchus is a member) is 
distributed extensively in tropical fast-flowing freshwater streams (streams and 
rivers) across Asia and Africa. It has been suggested that the Labeonin tribe probably 
first radiated after the America-Asia plates division but before the segregation of the 
Asia-Africa plates (Reid 1985 in Tang, Getahun and Liu 2009). The formation of 
rapid flow environments following historical climate changes in East Asia and the 
uplift of the Tibetan Plateau was suggested to have promoted speciation of 
freshwater fish (including the Labeonin) a process that allowed them to adapt to 
these new environments (Chen, Cao and Zheng 1986). Successive geological events 
in the Tibetan Plateau estimated at 40, 22 and 3.4 mya (Zheng and Li 1999) have 
changed the climate to the well-known modern monsoon system  (Sun and Wang 
2005). A recent mtDNA study (Tang, Getahun and Liu 2009) argued that the 
Labeonin tribe probably originated in East Asia during the Early of Miocene (23 
mya). While Tibetan tectonic events estimated at 20 mya that connected Africa-Asia 
mainland may have promoted the Labeonin to diversify (into subgroups) and to 
disperse into Africa (Otero and Gayet 2001; Otero 2001; Tang, Getahun and Liu 
2009), this event may also potentially have constrained the dispersal of some 
members of this tribe (including Henicorhynchus spp.) across mainland Indochina.  
5.2. Managing modern H. siamensis and H. lobatus 
stocks across the Lower Mekong River 
The Mekong River is one of the longest rivers in the world (Liu et al. 2009) and 
ranks second only to the Amazon River for freshwater biodiversity (Ferguson et al. 
2011). It also contributes the largest volume to the world’s inland fisheries (Hortle 
2007). In general, threats to biodiversity sustainability in river systems can usually be 
attributed directly or indirectly to anthropogenic activities, including habitat 
loss/degradation and over harvesting (Allan and Flecker 1993). While fisheries 
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production in the LMB is considered to have remained essentially stable over the last 
half a century (Osborne 2009), there are indications that fishing pressure has 
increased across this region, including catch per unit effort that has affected fish size 
negatively compared with catch production in 1990 (Baran, van Zalinge and Bun 
2001). There is also a worrying trend of reports that fish production in general, 
continues to decline in some parts of the MRB (van Zalinge et al. 2003; Baran and 
Myschowoda 2008; Hai Yen et al. 2009). Biodiversity declines will clearly affect the 
availability of food, income and impact the socio-economic status of people living in 
the MRB. Thus fish stocks urgently require effective management. Because fish are 
able to disperse beyond political borders across the MRB, management will need to 
be considered at a regional, transnational scale to ensure sustainable fish populations 
in this river into the future (Roy, Barr and Venema 2011). 
Information on how target species are structured at fine scale across their natural 
distribution is very important for effective management of wild fish resources 
(PalsbØll, Berube and Allendorf 2007; DeYoung 2007; Wenne et al. 2007). The 
current study has confirmed what appear to be different stocks in two economically 
important species, H. siamensis and H. lobatus across the MRB. For both species, 
identified stocks were found to overlap within national political borders in riparian 
countries (Lao PDR, Thailand, Cambodia and Vietnam). This indicates that in each 
riparian country, different stocks are likely to be exploited independently, thus a 
decline in one stock is unlikely to be replaced by recruitment from other stocks. 
Therefore, multiple freshwater protected areas (FPAs) for each stock will be required 
as fish refuge areas (Suski and Cooke 2007), especially in the major fishing period 
during the wet season.  
Developing FPAs linked to recognized genetic subpopulation (stocks) will provide 
opportunities for each stock to maintain an effective population size naturally, thus 
conserving biodiversity and advancing sustainability of local freshwater resources 
(Kingsford and Nevill 2005). This management strategy has already been suggested 
for other Mekong fish species (Baird and Flaherty 2005; Baird 2006), so existing fish 
sanctuaries may also contribute to sustainability of many species in particular, 
Henicorhynchus spp. and other Mekong aquatic taxa that depend on this area. The 
effectiveness of FPAs in maintaining sustainability and biodiversity of aquatic 
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resources has been examined in some areas in India with higher biodiversity and 
larger fishes observed within freshwater protected area when compared to non-
protected area. (Sarkar et al. 2013). Some deep pool areas in the Mekong River are 
well known as dry season refuges and spawning areas for certain Mekong fish taxa 
(Poulsen and Valbo-Jørgensen 2000; Poulsen et al. 2004). While identification and 
protection of deep pool areas and spawning grounds is important for management 
purposes, maintaining fish migration pathways (freshwater connectivity) in the 
Mekong River systems is also important as many Mekong fish taxa, especially 
Henicorhynchus spp. undertake long distance migrations to complete their life cycle. 
 While five potential genetically divergent stocks were identified in H. lobatus 
sampled populations (Figure 5.1.b), there is strong indication that only three ‘real’ 
(effective) stocks are present for several reasons. First, gene flow among H. lobatus 
in the main MRB was evident in the current study (Chapter 4) that can minimize any 
difference between the NK/UB sites with other MRB sites. Secondly, a significant 
correlation between the earlier mtDNA and the nDNA datasets (Chapter 4) suggest 
that H. lobatus populations in the main MRB can be considered as single panmictic 
population. In addition, mixing of populations of the UB-MRB in the earlier mtDNA 
study was also evident here.   
For H. lobatus management units, if we accept that the genetic data suggest three 
‘real’ (effective) stocks (TS, MRB and CN; Figure 5.1.b), the main concern should 
focus on the Tonle Sap stock as the genetic data suggests that this population is 
apparently independent from all other MRB sites. Fish harvesting in the Tonle Sap is 
extensive and is currently directed at an apparent single migratory population, 
especially during the wet season (Hortle, Lieng and Valbo-Jorgensen 2004). The 
majority of fish are harvested from filter trap (tone) and the bag-net (dai) fisheries 
that yield, 50% and 37% H. siamensis and H. lobatus, respectively (Baran, Baird and 
Cans 2005). While to date, no reliable data confirms declines in fish production in 
the Tonle Sap, observational studies have suggested up to a 44% decline in fish 
production per fisherman in this region in 1996 and the trend is for this to increase in 
coming years (Hortle, Lieng and Valbo-Jorgensen 2004). If the resident H. lobatus 
stock in the Tonle Sap is in decline, rehabilitation of the population will depend on 
local demographic interventions including mortality reduction (by limiting fish 
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catches) and increased recruitment (potentially via restocking program that will 
require development of a fish hatchery that uses local broodstock). 
Populations with high genetic diversity are expected to show high adaptability to 
environmental fluctuations and where population size is large, they potentially have a 
better chance of sustainability (self-recovery) over long periods of time (McElhany et 
al. 2000). Therefore, maintaining natural levels of genetic diversity will be essential 
for long term conservation management. H. lobatus in the rest of the Mekong River 
are largely panmictic indicating that this stock can best be managed as single 
management unit. While this indicates a large population size for H. lobatus across 
the mainstream of the MRB, there is a potential threat to maintaining genetic 
diversity in this species, including population bottlenecks (due to local habitat 
destruction, overexploitation fishery or/and environmental disaster) and potentially 
outbreeding depression (mixing with trans-located stocks or hatchery individuals, 
which may reduce local adaptive potential) (Utter 2004; Lorenzen 2005).  
The construction of the Pak Mun Dam in the middle Mekong River apparently has 
constrained fish migration pathways (in and out of the Mun-Chi River) as indicated 
by declining wild fish populations in this area after the dam was built, even though a 
fish passage facility (ladder) was installed to re-establish natural drainage 
connectivity (Dugan 2008; Osborne  2009; Ferguson et al. 2011). While the earlier 
mtDNA and current nDNA study identified gene exchange between two different 
mtDNA lineages in the middle Mekong River, the physical barrier that now exists 
there (dam) limits gene flow between the two divergent mtDNA stocks. Over time, 
these two different mtDNA stocks may become more differentiated and this could 
influence sustainability of H. lobatus populations more widely in the Mekong River. 
Multiple stocks (three stocks, Figure 5.1.a) were identified for H. siamensis across 
the MRB, both in the earlier mtDNA and the current nDNA data that likely result 
from historical habitat fragmentation. When environments are spatially 
heterogeneous, populations potentially evolve to adapt (have higher fitness) to local 
environmental conditions (Gandon and Michalakis 2002). The recognized migration 
pattern in Henicorhynchus spp. (Poulsen et al. 2004) likely represents potential for 
local adaptation in H. siamensis. For effective long term management, each 
identified H. siamensis stock is genetically unique (locally adapted). If declines do 
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occur, unique stocks cannot be replaced by individuals from other stocks. By 
maintaining natural genetic diversity, individuals of H. siamensis may have better 
chance to occupy diverse environmental range and to survive environmental 
fluctuations (McElhany et al. 2000). Therefore, maintaining all discrete stocks (local 
populations) means that overall genetic diversity in this species will be sustained. 
This may require developing fish sanctuaries for each stock. 
In the middle Mekong River (MMB), only a single stock was identified for H. 
siamensis. While restocking programs are considered generally to be a short term 
resolution to a problem where significant stock declines have occurred due to some 
disruption to the life cycle of fish by habitat alteration, this practice in some cases 
may need to be ongoing (Lorenzen 2005). This management strategy has been 
applied to provide additional H. siamensis resources in the Mun-Chi River after the 
river was dammed breaking the natural migration pathway (Adamson et al. 2009). 
Results of the current study indicate that the hatchery stock (MD site) used for re-
stocking is genetically depauperate compared with the local natural population. The 
current study also identified that the MD stock was genetically very different from 
other MRB sites. Interbreeding between wild and this hatchery stock therefore could 
affect the adaptive potential of the wild stock over the longer term (Waples 1999). 
Therefore, it will be important to monitor and manage genetic diversity in the 
hatchery stock in this area in the future to conserve the diversity that remains.  
The decline of H. siamensis stock in the Mun-Chi River is likely enhanced by 
changes to the migration pathway across the MRB (Poulsen et al. 2004) with 
individuals that require the Mun-Chi River migration pathway (in and out of the 
river) now unable to complete their life cycle naturally. This may need to be 
considered in the future especially as fish ladder (fish passage facility) that was 
installed to re-establish a natural linkage over the Pakmun Dam reservoir was 
considered to  have failed to maintain fish pathway connectivity in this area  (Dugan 
2008; Osborne  2009; Ferguson et al. 2011). While the dam apparently did not affect 
other MMB H. siamensis stocks (outside the Mun-Chi River), potential genetic 
variation loss may have occurred that could affect the sustainability of stocks in the 
main MMB, especially if fishing pressure remains high in this area. An effective 
recovery strategy will require early detection of stock decline signals (genetic 
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diversity loss, population declines) and this will require an active monitoring 
strategy. Therefore, close monitoring will be important for most H. siamensis stocks 
(Adamson et al. 2009) as well as for other stocks that have been identified in both 
Henicorhynchus spp. 
A single stock of H. siamensis was also identified in the lower Mekong River (LMB) 
below the Khone Falls, extending from the Tonle Sap Lake (Cambodia) to the 
Mekong River delta (Vietnam). While fisheries activity annually is extensive during 
the wet season below the Khone Falls (Lieng, Yim and van Zalinge 1995; Baird, 
Flaherty and Phylavanh 2003; Baran, Baird and Cans 2005), to date there is no 
indication of stock depletion. This indicates that recruitment of H. siamensis in this 
region is likely to be supported from other stocks, potentially via migration 
pathways. Therefore, the management strategy for H. siamensis in this region should 
maintain drainage connectivity (migration pathways) across the LMB. 
While genetic data commonly are used to delineate population (genetic connectivity), 
these data alone may not be sufficient to detect population demographic connectivity 
(i.e. assess the contribution of migrants to recruitment). For example, when dispersal 
is extensive between two stocks, genetic data may not detect different stocks 
although they are demographically separated (Lowe and Allendorf 2010). Therefore, 
information about demographic connectivity is important for effective management 
and this can be obtained by combining genetic data with non-genetic data (e.g. 
ecological studies of reproductive success, population growth rate, dispersal 
behaviour etc.). Furthermore, genetic structure in targeted species can sometimes 
result from temporally variable factors within the same drainages (Shaklee et al. 
1999). Therefore, the first priority for any future study in both Henicorhynchus spp. 
is to increase sample size and site sampling, especially if identified stocks are only 
represented by a single site. Furthermore, temporal sampling replication (e.g. during 
the breeding and non-breeding seasons) and additional microsatellite loci for 
genotyping may provide a clearer picture of ‘real’ population structure.  
Highly differentiated and divergent population structures for H. siamensis and H. 
lobatus identified in the current study suggest that different effective management 
strategies will be required for each Henicorhynchus spp. across the MRB. With a 
single, effectively panmictic stock (except for TS) identified for H. lobatus, a recent 
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single management unit is suggested across this region. In contrast, for H. siamensis, 
multiple management units have been recognised. This in general, suggests potential 
complexity of fish population structure in many fish Mekong taxa across this region.  
Recognition and confirmation of stock structures of the two Henicorhynchus spp. 
however, is unlikely to address management issues for wild fisheries in the Mekong. 
Presence of many migratory fish species that undertake annual extensive migrations 
between two or more riparian countries across the MRB illustrates the difficulty of 
managing fish at a local scale (Baird and Flaherty 2005). Since a large number of 
local human populations within riparian MRB countries also depend on availability 
of wild fish resources (Hortle 2007), this adds to the complexities of establishing and 
enforcing management of wild fish resources. Other challenges for management, that 
can be associated with regional development projects such as damming catchments 
for electricity production or agriculture production, either already implemented or 
planned for implementation will affect dispersal pathways for many migratory fish 
across the MRB and potentially lead to wild fish population declines. This was 
evident for some wild fish resources in the middle Mekong River after the Pak Mun 
Dam reservoir was completed (Ferguson et al. 2011).   
Any general inferences about management based solely on fish ecology in the 
Mekong River should be made with caution considering the complexity of the 
Mekong system and the associated large number of freshwater taxa present there, 
which are affected by multiple environmental factors and interconnected habitat. 
Management strategies based on general inference may only be suitable for some, 
but not most taxa across this region. Currently however, because ecological 
information on fish taxa is very limited, management is also very limited (Dudgeon 
2000). Therefore, understanding the life history and ecology of target species will be 
essential and this includes availability of appropriate taxonomic markers to identify 
species and ‘real’ population structure to allow development of effective 
management strategies relevant for target species. The current study provides a 
strong argument that management issues in a complex drainage system like the 
Mekong River, requires intensive analysis often targeted at the species rather than the 
community level. 
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5.3. Conclusions 
Evolutionary recent geomorphological and climate change impacts have enriched 
biodiversity in the Mekong River. This is reflected in the complexities of population 
structure in many modern Mekong taxa. Deeply divergent lineages in some taxa may 
reflect historical drainage isolation while in other taxa may show population 
expansion after long historical isolation. Results of the current study show in general, 
that genetic patterns (mtDNA and nDNA) in both Henicorhynchus spp. were largely 
congruent. The two mud carp species (Henicorhynchus spp.) in the Lower Mekong 
Basin show highly differentiated and divergent population structures across 
essentially the same geographical ranges. This implies that apparent similarities in 
ecology and life history traits cannot guarantee the existence of similar 
phylogeographic patterns even in closely related taxa. The differences likely reflect 
evolutionary changes to drainage organization across the MRB and different 
Pleistocene refugia for respective species. The data suggest that H. siamensis is 
likely to have been present in the Mekong system for a much longer time than has H. 
lobatus in the past. More obvious genetic structure was detected for H. lobatus in the 
LMB in the current study than was evident in the earlier mtDNA study. This suggests 
that different levels of gene flow have probably shaped contemporary population 
structure in H. lobatus that may result from different life history strategies, when 
contrasted with that of H. siamensis.  
Information about spatial distributions of target species at finer spatial scales may 
assist to improve the effectiveness of management strategies that are developed and 
applied for each taxon for example by providing information about the best location 
to develop fish sanctuaries. However, to maintain current levels of wild fish 
resources across the MRB for local human population over the long term will be 
challenging as many fish taxa across this region show diverse and highly divergent 
patterns of population structures. Management strategies that may be effective for 
one taxon may not be suitable for preserving all wild fish resources, even where 
some taxa may benefit significantly from its implementation. For effective 
management purposes the focus need to be on how to conserve local populations and 
will include provision of fish refuges, maintaining natural habitat and migration 
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pathways and also by identifying where potential exists for outbreeding depression as 
a consequence of mixing between divergent lineages.    
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Appendix 2. Microsatellite primer designed for H. siamensis 
Primer Annealing Temp. (oC) GC Percent Product    
Left Right Left Right Left Right Size (bp) 
ACAGACGAACGAGCGCAG CTCCCTCCTCTAGCACACTC 61 59 61.1 60.0 122 
GCCGCCTCTTACAGCAAC TAGCGCGCGTCTCTTTCTC 60 61 61.1 57.9 119 
AGGAGAGCAGAACAACACTAGG GACGAACAACACACACACAC 60 59 50.0 50.0 155 
ACTGACCATCATCTCTCTCTCTC ACACTTCTCTTGACACGTCTG 59 59 47.8 47.6 105 
GACCCGAGAACTGGACAGG CAGCTCCAGGCAAAATCCC 60 60 63.2 57.9 185 
TCGGGCTGAGATGACGATG GTCACGAGTGTGTGTGAAGAG 60 60 57.9 52.4 159 
CCCACACACACACACACAC AGCACTGAAACAGCAACTGG 60 60 57.9 50.0 163 
TGTCAGGAGCTACAGAAAGTAGAG ACGAATAGCGTATGTATCACTAAAC 60 58 45.8 36.0 118 
CACTTACTACAGGACACACACAC TCGGTCAGAGGGCTGGTAG 60 61 47.8 63.2 150 
TCTAGTTTGGACTATGGAGACCC AACCAAGTAATGCCTCTGGAAAG 60 60 47.8 43.5 150 
CACTGCGCCACTCTCTAAC ACACACACACACACACACAC 59 60 57.9 50.0 110 
TGTTGCACTACAGGCGGTC GCCCAGTGTATTGAAGTTCCTC 61 60 57.9 50.0 135 
ACGCCTCTGAAGGTGTTTG CCTAACCTCCCGACGATCAG 59 60 52.6 60.0 151 
GGACGCGCAGAAATGAAAC TCGGAGCGATATGTAGGTGG 59 60 52.6 55.0 247 
TGAGAGACCGGTAACGAGC CAGTGCAGTGTGTGACAGG 60 59 57.9 57.9 156 
GGCCACCATCAAAGTGGAG CATCCAGCTCATCCACCAAC 59 59 57.9 55.0 152 
CTCTCCCGTTCGAGCTCAC CGTCTCTCTCTCTCTCTCTCTC 61 59 63.2 54.5 171 
ACCCTCCAAAGGCAGAGTG TGGATGCTGCTAGGTGGG 60 59 57.9 61.1 154 
AGACGTTACTGGGAATTGTTGAG CATGATGAGCCTCCGACATC 60 59 43.5 55.0 155 
ACAGAATCCCAACCCCGTG GACGTCACCTGTTACATCCTG 60 59 57.9 52.4 181 
CACAGTCTCCTGTGAGGGC ACGTCTCTCTACTCTCTCTACTC 61 58 63.2 47.8 185 
TGTGCTCTGCATCTAACCC ATTGTCGGTGGAGGGAGTG 58 60 52.6 57.9 188 
AGCGTCTCGTTCTCGTCTC ACGGTGTCTAGTAACGGTGTC 60 60 57.9 52.4 243 
CTGTTACACTGGTACTGTGCTC GTGTGTGTGTGTGTGTGGG 59 60 50.0 57.9 163 
TGTTTCGAAGCCAGTTAGAAATAG TCCTGATGTGGACAAAGCAAC 58 60 37.5 47.6 210 
TGTTTCGAAGCCAGTTAGAAATAG TCCTGATGTGGACAAAGCAAC 58 60 37.5 47.6 210 
179 
 
Appendix 2. Continued 
Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
TCCTCTGTTGTGGAGACGC TCTCTCTCTCTCTCTCTCTCTCTC 60 60 57.9 50.0 100 
TGGGTGGGTCAAGCTGAAG TGTTGGAGATCAGGCGCTC 60 61 57.9 57.9 116 
CGGGCAACAGTCAACACAG CGCACCATCTGATCGCTTG 60 60 57.9 57.9 155 
GACTCTGGGAGTGGCTGTC GCACAGTCTCCTGTGAGGG 60 61 63.2 63.2 176 
GTGAAAACTCTCCAGAAACCCC CTATCCCCTGTGTGCCTTG 60 58 50.0 57.9 139 
GCGCAAATTTTAAACATGGTTGG GCACTCAGAAGACCTTTTGTC 59 58 39.1 47.6 116 
CATCATGGCCTCCTGCAAC GTGGGAGTCTGTTCGATTTCC 60 59 57.9 52.4 154 
GAGCGGCAAGAGCAAAGAG TAATGCCGTCACAGGGGAG 60 60 57.9 57.9 162 
CAGTTGTTCTGAAGGTGTTTTGTG ACAGAAAGTAATGAACGGCCAG 60 60 41.7 45.5 194 
GGATGGATGGTTGATGGATGG TCTGTCTGTCTGTCTGTCTGTC 59 60 52.4 50.0 153 
GGATGGATGGTTGATGGATGG TCTATCTATCTGTCTGTCTGTCTG 59 57 52.4 41.7 161 
ACAGAGGCGCTATCCAACC TTCGTGTGTGTCTGTGTGTG 60 59 57.9 50.0 100 
AGTTGGACTTAATACTATGCTATCCTG TGACGAATCTGCAGCTCAAAG 59 60 37.0 47.6 211 
TCCCATCCAAGTACACACAC GGGCTCCACCCTCAATACC 58 60 50.0 63.2 156 
CCTACCACTGCAGCAAAGTC CGTGTGTAGTGTCGTGTGTC 60 60 55.0 55.0 133 
TAGTCGGTTGCGGTAGAGG ACACTTTGATCCTGATTACACTGAC 59 60 57.9 40.0 156 
TTAGGGGACCAGAATGCCC GGTGACAGAATCAGCCAAGC 60 60 57.9 55.0 101 
GCTAGAGAGAGCGCACAAG CCCCATCCTTCCACCAGTC 59 60 57.9 63.2 116 
GTGATGTTTATCGCTGTAGCC AAAGCAGCCTTCACATTGG 58 57 47.6 47.4 152 
TTCAGGGGCCAAGTACAGG ACGTTGTGTGTGTGTGTGTG 60 60 57.9 50.0 234 
AGCTAAGACCCACTGCTCC CCATCATAAAGCGCGGGTG 60 60 57.9 57.9 223 
TGCAGTACTTTGCTGATTCGAC CTTGCTGTCTTCTCCCACAC 60 59 45.5 55.0 197 
GCATCCGATTACACGGGAC TGGCTTTATGACAATGGAGTTGG 59 60 57.9 43.5 152 
GAGGAGCATGCAAGTGGTG TGGTGCAAGAGTTGAAGATGG 60 59 57.9 47.6 180 
AGGTTGCAGGTTCGAGTCC TGCATTTAACCCTATCCAAGTGC 60 60 57.9 43.5 192 
GGGCTACAGGAGACCATGC TCACACACAAACTTAGCCGTC 61 60 63.2 47.6 150 
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Appendix 2. Continued 
Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
CATTGAGTTACAAGTGTTGTGC AAGTTCTGCCCTGTACCCC 57 60 40.9 57.9 188 
AAAAGCAGCAACCCGGAAC AGTACATAATAGCTAAGGCCAATTC 60 58 52.6 36.0 126 
AACTCGGGACTCGAACCTG TGTGTGTTGTGTTCAGAGGC 60 59 57.9 50.0 228 
GTTTGGAGCCGGCAAAGTG TGTGTGTGTGTGTGTGTGTG 61 60 57.9 50.0 157 
TGCTCAGTCTGGGTCGAAG GAGCTGAGGCTGAGGAAAAC 60 59 57.9 55.0 208 
GAGGACATGTGTGGCCAAG GGCAATGCAATGGCTGACC 59 61 57.9 57.9 134 
TCCCTGCAGCTAGAGCATC ACGACAGAACGATAGATAGAAGAC 60 59 57.9 41.7 299 
ACTTCTGACTGGGCTGAGG GGTGCTTTTGTTGTAGTATCATCTC 59 59 57.9 40.0 213 
CATATGCACCACGCCCAAC GCCTATCTAGTACGTTCACTCC 60 58 57.9 50.0 165 
TGCATACAGGTGCCTCCAC CACAGCACACCGACAGAAG 61 60 57.9 57.9 154 
TGGCTTTTAGCTGCTTTTGC CTTTGTCGCACATTTGCAGG 59 59 45.0 50.0 207 
AAAGTAACAAAATGTGCGCTTC CGTGTGTGTCGTGTGTGTG 58 60 36.4 57.9 250 
ACATGCAGTTTTAGAAGGAAACAG TGTGTGTGTGTGTGTGTGTG 59 60 37.5 50.0 106 
AGCAAGTTCTTTTCAAACTCCTC GCGCTCATGATCAAACATACAC 58 59 39.1 45.5 171 
GTTCTGAATACGCCCCACG CTGCTCGCCATGCTGAAAC 59 61 57.9 57.9 151 
AGGGAACTGGAAGGCCAAC CTCGCACACACACACACAC 60 60 57.9 57.9 165 
AGGGAACTGGAAGGCCAAC CACGAACTCCACCCACCAG 60 61 57.9 63.2 190 
GTGAAACTGAGCACGAGGC ACAAGTCCAACTCCCTAACC 60 58 57.9 50.0 182 
ACCCTACCCTCACACAAAATC CAGTATCGTCACACCCATGC 58 60 47.6 55.0 232 
GTGGCGGAAATGGGCTTC CCTGAGGCATTTCATAAACTCCG 60 60 61.1 47.8 244 
TGGAGGTTGTTAGCCCGTC TGAGAGTCAAACATGAGAGCG 60 59 57.9 47.6 157 
CCGTGTTGATTTTGTGTACCG AAAAGCCGGTAAAGCTCGC 59 60 47.6 52.6 163 
CAACAAGCAGAGCGACAGG TGTTGATAACGCGCCACAG 60 60 57.9 52.6 184 
GGAGGAAGAGGCAGATTAAACAC TGTGTTTCTTGTCAGGATGAACTC 60 60 47.8 41.7 204 
TCCCAGTCTGTTGGTAGCG GTCTGATGTCAGGCAGTTGAG 60 59 57.9 52.4 209 
GACAAAAGCACCCCTCCTC AGACAGGTGTGTTCCAGAAG 59 58 57.9 50.0 228 
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Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
CACAAACACATGCAGGAGGG GGTAGTCGGTGAGCAGAGG 60 60 55.0 63.2 217 
TGTGTGTGTGAGAGAGGGC CAACCCCTACAACGACTTACTG 60 59 57.9 50.0 195 
TGCCACATGACAGACGGAC TGTAGTGTAGGTGTAGGGCG 61 59 57.9 55.0 156 
GCCTCACACGGACTTTGAC TCCTCCCGTATTCGTCTCC 60 59 57.9 57.9 183 
CGAGCTACCTTGGTGATGTC ATCTGTAGGTGCAGTCACG 59 58 55.0 52.6 173 
GGCTGGGATTGTTTAGAGCC AGGACCTCACAAATGTCCCC 59 60 55.0 55.0 204 
GCAACATGCTAAAGACATATTCCTC TCGTTTCATTTGAACATTCCGTC 59 59 40.0 39.1 202 
CTGCTGTGTTGGAGTGAGC CCCTCGTCCTATTCTCCGC 60 60 57.9 63.2 181 
TTCTCTGTCTCCACCACGC AGACTAGACTTGACTTGACTTGAC 60 59 57.9 41.7 239 
CACGTCCACGATCTCGTTTC TCCAAGAGCATCAAAGGTGTC 60 59 55.0 47.6 158 
ATCCATCTGTCTCTCTGTCTG ACAGTAACTATCCATCTGTACTCTAGG 57 60 47.6 40.7 136 
ATAAAAGTCTGTGTCCTTGCAG AAGTGCGTGTGTGTGTGTG 57 60 40.9 52.6 220 
GTCTGTGTCCTTGCAGAATAAAAG ACAGTCTTACTGCAAATAGGGTC 59 59 41.7 43.5 249 
GGCTGGGATTGTTTAGAGCC GGACCTCACAAATGTCCCAC 59 59 55.0 55.0 200 
GGTACACCTGAAAGCGCAG GCATGAGCTTTGATTTAGTGATGTG 60 60 57.9 40.0 169 
GGCACCAAACTCCCAACTG GGCGATGTGGCCAAGTATG 60 60 57.9 57.9 155 
CGAGCTACCTTGGTGATGTC ATCTGTAGGTGCAGTCACG 59 58 55.0 52.6 172 
CGAGCTACCTTGGTGATGTC ATCTGTAGGTGCAGTCACG 59 58 55.0 52.6 172 
GGTTTCTAATTGAACAAGGCTATTG TGGTGTGGTCCTGCTTCTC 58 60 36.0 57.9 464 
CTCATCACCCGCTGTGTTTC CACACACTGACAGGCAGAC 60 59 55.0 57.9 217 
TGCAGCCTAGCGTTCTACC CACACCTCACATCTACTTGCAG 60 60 57.9 50.0 155 
ACGCGTGAAAACTCACCAC CACTAGGGCTGCAACAACG 60 60 52.6 57.9 243 
TGGCCAGAGTATGAAGGTGG ACACACACACACACACACAC 60 60 55.0 50.0 151 
TGGTGCGAGGACCCTATTG GGCATTACGTTAGGTGGCG 60 60 57.9 57.9 216 
GCTCTCTAATATGCTCTGTTGGC ACACACACACACACACACAC 60 60 47.8 50.0 245 
TCACCAACCATTGCCATTTC AGTTGGAGGGCGAAGACAG 58 60 45.0 57.9 201 
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Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
AGAAGCTCAAAGGAACAGCG GGTGCCTTAGCAGCCTTATG 59 59 50.0 55.0 187 
TGAGCTGTAAAGACATTGCCC CCTTGTGGGGACGATTTGG 59 59 47.6 57.9 168 
ATCCATCTGTCTCTCTGTCTG ACAGTAACTATCCATCTGTACTCTAGG 57 60 47.6 40.7 136 
CAAATCGTCTGGCTTGTCCTC AGCGCACTGTGGTTAGTTTG 60 60 52.4 50.0 196 
AAACCCTCGCAGTACACCC GGGCAACAGCTTATGCAGG 60 60 57.9 57.9 175 
AAATCTTATCAGAACTGCCTGC GTCGTCTTTCTATCCTCTCTTCG 58 59 40.9 47.8 157 
TGACTGTGAACAAGGCAAATG CGTCTTGGATGACAAGGGG 58 59 42.9 57.9 193 
TGAGAACCATGAATAAACCAGAGC ACACCACTAGAGGAGCGGG 60 61 41.7 63.2 169 
TCAGCAAGTTTTAGATCCCACAG TGTATTCGTGCCCTGCTTG 59 59 43.5 52.6 242 
TGTCTATCCATCCATCATCCATC CAGACAGACAGACAGACAGC 58 59 43.5 55.0 240 
TCCATCATCCATCCATCCATCC CAGACAGACAGACAGACAGC 60 59 50.0 55.0 230 
TCGCAGTATGTAAATGTGTTGC TTTAATCCCTGCTAAAACCCAC 58 57 40.9 40.9 191 
TGATGCAAGAGTTGAGGATGG GCCCTTGTCATCGGTTGTG 59 60 47.6 57.9 150 
ACCCTACCCTCACACAAAATC CAGTATCGTCACACCCATGC 58 60 47.6 55.0 230 
TGCGCTTAATCACCTCCAAAG TGGCCCCTTCATTTTAAGTACG 60 59 47.6 45.5 152 
CGTGTGTTATCTAGTGTTTCATGTC TCAGAGTTCTGCTCTCCATCC 59 60 40.0 52.4 153 
GAGCCTTCGACTGAGTGTG ACGGCAGGTGTTGGATCTC 59 61 57.9 57.9 151 
ACGCGTGAAAACTCACCAC CACTAGGGCTGCAACAACG 60 60 52.6 57.9 245 
TGTTGTTGTTGTGCCTGCG GACATGGTGCTCTAGGGGC 61 61 52.6 63.2 165 
ACGCGTGAAAACTCACCAC CACTAGGGCTGCAACAACG 60 60 52.6 57.9 244 
ACTGCGTGAATGCTCTTGAC TGTGTGTGTGTGTGTGTGTG 60 60 50.0 50.0 245 
TCTCCAGCACTGAGGAAGG ACAGCGCTCCGCTATACTC 59 60 57.9 57.9 221 
TGCTGCATGAGCTAACAAAC CTCTTTACAGCACAGGACTGC 58 60 45.0 52.4 249 
CACTCTGGACCCCTCACAC ACTAACAATACTATGTACAGGTGC 60 57 63.2 37.5 214 
GAAAAGGGACCGGAGGGAG ATACCTGGGCGTGTGTGTG 60 61 63.2 57.9 155 
AGCAATGCAATGGCTGACC TGCATTTAACCCTACTCCAAGTG 60 59 52.6 43.5 112 
183 
 
Appendix 2. Continued 
Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
TCGGGCTGAGATGACGATG CACAAGTAGTGTGTGAAAGAGAATG 60 59 57.9 40.0 157 
AGACATGGCGATAGGGTTGG AAACGACCCACGTCAAATAC 60 57 55.0 45.0 150 
GCGCTGATCCTCGACAAAG ACTTATTCTTGTGGGACGATTTGG 60 60 57.9 41.7 204 
TGGATACCAATAAGGTCCGTG AGGGAGTTTCGTGACCACC 58 60 47.6 57.9 238 
CTTCCTGCTGCTTTGCCTC CTTGACAGCATCGGTTGGAC 60 60 57.9 55.0 152 
ACAGGCCTTCAAAGTTAGGTC TGAGTAAGCTAGTGATCTGGAAC 59 58 47.6 43.5 172 
GGTAAACCTGGATTCGTCATGC TGTGACACTTAAGACCGCTG 60 59 50.0 50.0 272 
TCAGTAGCTTTGTCATCGTATCAG AGTATCATCTGTTGCTTCTAAAGAC 59 58 41.7 36.0 234 
CACTGCTGCCCTCTTGTG GCTCGTGCGTGTGTGTTAG 59 60 61.1 57.9 161 
TGTCGTTCTCTGGCTGTCC CCCAGATACAGGAGTGGGATG 60 60 57.9 57.1 171 
CAAATCAACTGGTGGAGCCC AGATGTTGTAGGGAAGTCCAG 60 58 55.0 47.6 225 
TGCTATGTGGGCAGAGGAC ACTGACACTGCTCACGG 60 57 57.9 58.8 206 
GCCGTGCTGTATCGTTGAC CGCCGACTGACTATTTGGG 60 59 57.9 57.9 164 
CACATTTGGGCAGTCCATCTC TGAGAACGTACCGATGTGC 60 58 52.4 52.6 203 
CAATCGGTGCGAGCTGATG CACATCTGGAGGGAGGTGG 60 60 57.9 63.2 168 
TGTGTAAACAGGCCCTTATGTG AGACAGACAGACAGACAGACAG 59 60 45.5 50.0 180 
CTGCTGTTCTGCTGCTCAC GTGTGTGTGTGTCGTGTCG 60 60 57.9 57.9 161 
AGTGTGTGAGCAGGAGGAG GTGTGAGTGTGTGTGTGTG 59 58 57.9 52.6 246 
ACTGTAAATGTGAATGCTGTCCC CACTGGTACTACTGTACTTGTTGG 60 60 43.5 45.8 176 
CACTGTATTTAGCACCTTGAAATCG GCTGGTTGGCTGGAACATC 60 60 40.0 57.9 220 
CTGTCTGTTAAGGGAAGAGGC TCTTGCTCTCTGCTTTCGTC 59 59 52.4 50.0 202 
TGTGATTCCTCAAGGCCCC AAACACTGCAAAGGCTGGC 60 60 57.9 52.6 187 
ACCATTCACGCTTTCAATCTG CCACTGCTCCGGGTGTG 58 61 42.9 70.6 250 
CCGGCCAGAGATCAGCTTC TCATGGATGGGTGATGGAAC 61 58 63.2 50.0 168 
GCACAGTCTCCTGTGAGGG ACCAATGAAAGCTGTTAGACCG 61 60 63.2 45.5 198 
CTTTGCCATGCAGCCAGTC GTGAAAGCAGAGGGAACGC 61 60 57.9 57.9 174 
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Left Right Left Right Left Right Size (bp) 
TCAGATGTAGGGCTGGACG ACCTGTTCTATGTTTTAATTAGCGG 59 59 57.9 36.0 164 
CAACAGACCAAGCAGAGCC GTGGGTGGGACAGACAGAG 60 60 57.9 63.2 214 
AGGGCTCTGTGTGGAATTG TTAACCAAAGCACCCTTGC 58 57 52.6 47.4 169 
ATCCATCTGTCTCTCTGTCTG ACAGTAACTATCCATCTGTACTCTAGG 57 60 47.6 40.7 136 
ACACTGAAGCACAAGCACG CGCTTTAACCGACAGCAGG 60 60 52.6 57.9 180 
TTAGGGGCTGGGTGATTGG AGAACTCCCTAGCAAGCCG 60 60 57.9 57.9 191 
GGTACACCTGAAAGCGCAG CGTAACACCATGTTGGACAGAC 60 60 57.9 50.0 210 
ACACTGCCATCTTGTGGTTG TGCAAGTTTCGCAGCAGTC 59 60 50.0 52.6 208 
TGTTGGTGTTGTGATGGAGC CACACACACACTGCCACTC 59 60 50.0 57.9 206 
TGCGCTTAATCACCTCCAAAG AGTGGCCCCTTCATTTTAAGAC 60 59 47.6 45.5 154 
GCCAAGGAGGCTTGTATGC ACCGCTCCGAGAAAGAGAG 60 60 57.9 57.9 158 
AGCAATGCAATGGCTGACC GGGGCGTTTTCATTCCCTC 60 60 52.6 57.9 212 
TCAGCGTTACAGTATAATTGAGAGC ACACACACACACACATACACATAC 60 60 40.0 41.7 136 
TCTCTTGGGCAGTAAGCCG AGAGTGTGAGAGGAAGACAGC 60 60 57.9 52.4 195 
TGAATGGAATGAGAGGTTCAGC TGCTGCTTGTGTGTTCAAAG 59 58 45.5 45.0 188 
AGCAGTTACATCCAGGAAAGC GTCTCGTGTGAGGGCTAGG 59 60 47.6 63.2 168 
GGCTAAACCCTGTCTATGAAAGC CAATAACCACAGCCGCTCAAC 60 61 47.8 52.4 150 
GTGTCAGTGAAAATCAAATGAACAG AGCCCTGCAGACAAACAAC 58 59 36.0 52.6 190 
ATACACACACACACACACACAC CACACACACACACGACAC 60 57 45.5 55.6 100 
CGCCAACGGCTTCTCTTG TTGAGTGAAACTGAAGCAGCG 60 60 61.1 47.6 150 
CCTCATTCGAAGCACATGCC AGCACACTGCCTGCTTTTG 60 60 55.0 52.6 184 
GGTCCAACCGTTCTTGTCTG GCGTCCACGTACACTAAGC 60 59 55.0 57.9 222 
AACACCATACACCTGCACC CTCCTGTGGTGGAAGAAAAGG 58 59 52.6 52.4 211 
GTCAAACCCTGTGTGCTCG TCAGAGTAGGTGGAAGACAAAAC 60 59 57.9 43.5 177 
GCCCTTTCATCGCTGCTTG TTAGGCCCCAAAGTGCCC 61 60 57.9 61.1 150 
CATGCTCAAGCTTCCCTGTG GGCCAGTACAGCAAACGAC 60 60 55.0 57.9 131 
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AATGGGTGGGTGGACGAAC TCTGTTCATCTGCCTGTCTG 61 58 57.9 50.0 189 
CACACAAAGCAGCCCAGTC TGTTTCCTGTTGGGTGCAG 60 59 57.9 52.6 153 
GGAGGTTGTTCAAGACGCC ATGACTGTAGTTGTATCTGCTTG 60 57 57.9 39.1 151 
AGCTGAACTTTCTTAACATTTGCTG AGTCTGCACTGAGCCTTTAATTC 60 60 36.0 43.5 196 
TCTAGGATGCAAAGCTGTTTTATG TGTGTGTGTGTGTGTGTGTG 58 60 37.5 50.0 161 
ATGGAGGCATCTGTGTCGC ATGACTCCCATCAGCCCTC 61 59 57.9 57.9 210 
GGCAATGGTGTGGAGAAAGAG AGGACTCTCACAAGTTAACAATACAG 60 60 52.4 38.5 249 
CCAACTCGCTCTGACCTTC AGAAGCAGCGAGAGGCTAC 59 60 57.9 57.9 178 
CACCTGTAGCGTCTCGCC ACTAACTGAAGAGATCCAAGTCC 61 58 66.7 43.5 190 
GACGAGCAACGGCCAAAC ACACACACACACACACACAC 61 60 61.1 50.0 201 
AAAATGAGAAAAGCGGGGAG TAGCATTCCACAGCATGGC 57 59 45.0 52.6 191 
AATAGGGTCCTCGCACCAC CGTTTATCTTTCTTTCATGCTCTGC 60 60 57.9 40.0 190 
CCTCATTCGAAGCACATGCC AGCACACTGCCTGCTTTTG 60 60 55.0 52.6 183 
AGCGAATATCTTTGAGGCGTG CACACTATGTCTTTTGACCGTG 60 58 47.6 45.5 169 
AGGCCAGAGGATGAAGCAG TGGTGCTGCCTTGCTTTTG 60 60 57.9 52.6 153 
ACACTTCCCTCATTCCCCG TCCTGACAGCAGTAATCCCC 60 60 57.9 55.0 180 
CGAGCTACCTTGGTGATGTC ATCTGTAGGTGCAGTCACG 59 58 55.0 52.6 172 
ACCCCTTAGATAGGGTTGTGC TCACATCTTGGGCATGTCAG 60 59 52.4 50.0 236 
ACACTTCCCTCATTCCCCG TCCTGACAGCAGTAATCCCC 60 60 57.9 55.0 179 
ACAGTTGAACAGCCCAAGC GACAGACAGACAGACGAACG 59 59 52.6 55.0 244 
TGCAAAACAGGGCCGAAAG AGGAAAGCACACTGTCCCC 60 60 52.6 57.9 159 
ACAGTTACACACACACCGC ACTCTCCGTCCTGGTTCTC 59 59 52.6 57.9 222 
TGATTCCTCAAGGCCCCAC AAACACTGCAAAGGCTGGC 60 60 57.9 52.6 183 
GCACAAACACTCTTTAGACCTTG TTTGATTGGACATGTGAGTGTGC 59 61 43.5 43.5 150 
ACACGAGTGAGGAGTGCTG AGGCCACAAACTTCTGCTTG 60 60 57.9 50.0 167 
AAATCGGGTTATCGCCCAC TCCACTTATTCTATCATATTCCCCG 59 59 52.6 40.0 244 
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TTCTCCGATGGTTCGCGTC CGAGAGGCGGCAAAAGAAG 61 60 57.9 57.9 181 
ACACAAGTTATGGTCACAGAGG AGGGATGTCTGTTTGGTACTG 59 58 45.5 47.6 226 
ACTCCAGTCACATCCTTCTG CCTGTAGTTGGTCAAAGAAACC 57 58 50.0 45.5 153 
GGTGCACAATGGTTCAATGG GGCACTTGCATCTAGAATCACC 59 60 50.0 50.0 246 
TGTCTATCCATCCATCATCCATC AGACAGACAGACAGACAGACAG 58 60 43.5 50.0 245 
TCCATCATCCATCCATCCATCC AGACAGACAGACAGACAGACAG 60 60 50.0 50.0 235 
AGGGAACATGTATAATCACAACAG AGTTCATCATGGAGCTGCTATC 58 59 37.5 45.5 152 
AGGCGGGGTATATCACAGG TGACTCCACAAGCAAGGTG 59 58 57.9 52.6 250 
ACCTAATCCTAGCCCACACG TGACACCTATGGAATGTCCCC 60 60 55.0 52.4 246 
CTGTTTCCTCAATGGGACCTC TAGTTGCACCCCAAAACGG 59 59 52.4 52.6 151 
ACGCGTGAAAACTCACCAC CACTAGGGCTGCAACAACG 60 60 52.6 57.9 243 
ACACAGCACACACACACAC GTACAGTTGGGTTGGGTTCG 60 60 52.6 55.0 161 
ACACTTCCCTCATTCCCCG TCCTGACAGCAGTAATCCCC 60 60 57.9 55.0 180 
GCGTTTCATGTCAAGGGGTG TCGCATGTCATTCAAACCCG 61 60 55.0 50.0 247 
TCAAGAACACGGCCCTCTC GCGCTGCATTAGTCTGGTC 60 60 57.9 57.9 157 
GCATGCTCATGGTTTCTTAGATG GCAGTCGACCAATCAAAGGC 59 61 43.5 55.0 235 
TGACTCAGCGGAGGTTTCG TACAATTCCCAGCCTGCCC 61 61 57.9 57.9 241 
TCTCTCTTTTCTCCAGGAAGTG CATGCATCCATTTGGAGTTTTAC 58 58 45.5 39.1 180 
CTACGAGTTAGGCCACGGG CGTGGAACAAGAATCTAAGTAAGAAAG 60 59 63.2 37.0 188 
CCATGTCTCCCATGAGCCC TGAGTCAGAAGTGTGAGTACAG 61 58 63.2 45.5 160 
GGCCAAGACCAAAGACCTG AGAAGTGAACAAACAAGACAAACG 59 59 57.9 37.5 283 
TGCTACTGGGGAGCGTTTC TGTGTGTGTGTGTGTGTGTG 61 60 57.9 50.0 163 
TGCTACTGGGGAGCGTTTC TGTGTGTGTGTGTGTGTGTG 61 60 57.9 50.0 163 
TGCTACTGGGGAGCGTTTC TGTGTGTGTGTGTGTGTGTG 61 60 57.9 50.0 175 
TTTTATCCCACCACCCATTTG AGTCCATCACTATGATACAACACG 57 59 42.9 41.7 195 
CCGCACCTTAACACACACC GCCCGAACCGACTCAAAC 60 60 57.9 61.1 181 
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Primer Annealing Temp. (oC) GC Percent Product   
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ACGTGCCCGTATTGTTCG TCGCGACTGTGTCTGTAGG 59 60 55.6 57.9 185 
CAGCAACACCACTCCAGTC AGTGTTGTAAGGGTTAGTTGATG 59 57 57.9 39.1 257 
AGTGATGGCGGGAATGAGG TGTTATGTGCTCTCTCTCTCTC 60 58 57.9 45.5 194 
ACTGTAAATGTGAATGCTGTCCC ACTGGTACTACTGTACTTGTGG 60 58 43.5 45.5 173 
TGCTGACGCTGCTGGTG AGTGTATTTCTTATGTCTGTGGTGG 61 60 64.7 40.0 121 
GTTGAACACTTCTCAAACTGGC GACCACCCACCTGACAGAC 59 60 45.5 63.2 152 
TCTCAGAGCACAGAAATGAAGC GACTCACAGACTGATGCCAC 59 59 45.5 55.0 150 
GTGCTTGGCCCCGTAATTG GCCTCCTGGTTTTGAGTGTC 60 60 57.9 55.0 206 
TCACCAACCATTGCCATTTC TTGGAGGGCAAGACAGAGC 58 60 45.0 57.9 198 
ACCTGTGTATCAGTGGGGTG AGCTACCTGTCACATACGGTC 60 60 55.0 52.4 244 
TCAACAACAAGCAGCGAGC AGTTCATTTGTATAGCTCAGTCAAC 60 58 52.6 36.0 171 
TGCTTCACTTGCTTTCACTTTC TCGTCGTCGTCGTGTAGAG 59 60 40.9 57.9 170 
TGAACAGCTGCTAATTGGGTG CCGGCACAGATACAGGGAC 60 61 47.6 63.2 155 
TGGTTGTCTGAAGTCTAGTACC ACAGACAGACAGACAGACAGATAG 58 60 45.5 45.8 358 
CAGATAAATGCTGTTCTTCTGAGC TTTAGCATCATTGCTCCAGTATC 59 58 41.7 39.1 180 
GTTCTGAATACGCCCCACG TATCTCCTCTGCTCGCCAC 59 59 57.9 57.9 158 
TCAGAGCCTACAAGAGCCAG ATTTCGTCTGCGCCGTTTC 60 60 55.0 52.6 118 
ACCTGAGAGATTTTGTGTCCC AGGAGTAGGAGGTAAAGTAGAGATAG 58 59 47.6 42.3 155 
AGCAATGCAATGACTGACCAC TTGCCCTCGCATTTAACCC 60 59 47.6 52.6 110 
GGCTGGGATTGTTTAGAGCC AGGACCTCACAAATGTCCCC 59 60 55.0 55.0 202 
AGTTCTGGTCTGACTACTGTCTAC AGCATGATTGATGTTGAGCGG 60 60 45.8 47.6 212 
TTAAGGTTGATCTCAATTCCTGAC TCTTACCAGCCACAGACGG 58 60 37.5 57.9 192 
CGTGTGGCCAAGTATGGTG AAGACCCTACGAGCAAGGC 60 60 57.9 57.9 173 
TCGTTCTATCCATCGTTCTAACATTC TTCCGATGTTGAGCTGTTTC 60 57 38.5 45.0 287 
ACACTGCCATCTTGTGGTTG TGTCACCCTTAGATTCCAGATAC 59 58 50.0 43.5 183 
TGCATACAGGTGCCTCCAC CACAGCACACCGACAGAAG 61 60 57.9 57.9 151 
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AAGTCCAGGGCTCTTTGGG CCGTTGACTGGTGAAACGTC 60 60 57.9 55.0 157 
CTGGTGGAGTCTGCAGGG GTGTGAGAGAGTGTGTGTGTG 60 60 66.7 52.4 152 
TGTTACCAGCATCGAAATACTTG ACACCTGTGGAATGTCCCG 58 60 39.1 57.9 123 
TCCCAGTCTGTTGGTAGCG GTCTGATGTCAGGCAGTTGAG 60 59 57.9 52.4 208 
GCAGGCATACTTGTGTCCATC CAGCAGACAGTGTGAAGGC 60 60 52.4 57.9 225 
ACACTCCATATATTTCAGCAACC TCACATGAAACACACTGGGC 57 59 39.1 50.0 189 
ACTTGTGCATGCTTCCCTG TCGTGACCAGACAGAAAGAAAC 59 59 52.6 45.5 151 
ACCGGTTTTAAGGCAAACCAC AGGGTACGGAGGTTCAAGG 60 59 47.6 57.9 186 
ACTGGACTTGGTTAGGTGC AGCTGGCGCTGATTTCAAG 58 60 52.6 52.6 192 
TCGTTGCTTTGTAGCACCC ACGACGGAAAATAGGGCCG 59 61 52.6 57.9 161 
CTGCAGCCCTGAAAAGCAC AGAGATGTCAGACGGTGGC 61 60 57.9 57.9 242 
CTCTCTCACTCCCAGCCTC GCACAAGCAAGTCCTCTCC 59 59 63.2 57.9 174 
AACACCATACACCTGCACC ACTCCTGTGGTGGAAGAAAGG 58 60 52.6 52.4 207 
AGCGCAATTGACATGGAAGAG TTCCTCAAGGGGACCTCAC 60 59 47.6 57.9 161 
ACAGAAAGATAGACAGAATGTATGGC TGGAATGATAGGCAGGGTG 60 57 38.5 52.6 208 
TCAAGAGTGCTCAGGTGTG GATGCTTGAGTTGCTGGGC 58 60 52.6 57.9 226 
ACAGTTACACACACACCGC CCGTCCTGGTTCGTCTCTC 59 60 52.6 63.2 218 
TGCCGTTTTGCTGTTCAGTC ACTACACTATACCTACTCCAAACTTC 60 59 50.0 38.5 185 
TGGATACCAATAAGGTCCGTG GGCAGAAAGGGGAGTTTCG 58 59 47.6 57.9 243 
CCCATCCAAGTGCACACAC CAGGTTCGAGTCCCAGGTC 60 60 57.9 63.2 190 
CCCTTTCATCGCTGCTTGC TTGAGCATGTTTAGGCCCC 61 59 57.9 52.6 163 
CATCACTCCTCTGGGCCTC TCCCTTAACTGCCTCCTGTG 60 60 63.2 55.0 150 
CCCTGTCTTCCCGTCCTG TCAGTGTTTGTTTTACTTTGGACAC 60 59 66.7 36.0 203 
GTCAAACCCTGTGTGCTCG TCAGAGTAGGTGGAAGACAAAAC 60 59 57.9 43.5 177 
CAAATCGTCCCCACAAGGTC GTCTCCTGTGAGGGCTAGG 60 59 55.0 63.2 231 
TTCCGTCCATCCATCATCC GGACAACAGGCAGACAGAC 57 59 52.6 57.9 161 
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CTGAGGAAAAGGCTAGAAAGGC AAAGGAACGATGCTGAGGC 60 59 50.0 52.6 193 
TTCCCCTGCACTCCATCTC TCTGTCCCTTAAGAACCCTGC 60 60 57.9 52.4 182 
GCATGCTCATGGTTTCTTAGATG CAAAGGCTTGAGCGAGCG 59 60 43.5 61.1 221 
TGCAGTCGTTAAACCTGCATC GTCCGACTACGTTGAGTGTC 60 59 47.6 55.0 234 
CCTCATTCGAAGCACATGCC AGCACACTGCCTGCTTTTG 60 60 55.0 52.6 183 
CCCATCCAAGTGCACACAC CAGGTTCGAGTCCCAGGTC 60 60 57.9 63.2 190 
ACGCGTGAAAACTCACCAC CACTAGGGCTGCAACAACG 60 60 52.6 57.9 243 
CCTCATTCGAAGCACATGCC AGCACACTGCCTGCTTTG 60 59 55.0 55.6 182 
TGTTGCACTATGCTCCTGC ACACTTACATTGCCACCTGC 59 60 52.6 50.0 237 
GTTTGGAGCCGGCAAAGTG TGTGTGTGTGTGTGTGTGG 61 59 57.9 52.6 159 
TCAGCACCAAAATAAATGGCAG ACTCTCTCTCTCTCTCTCTCTCTC 59 60 40.9 50.0 116 
TTGCCTGGAGGACAAGACC TGCCACTGCACAGTAAACG 60 59 57.9 52.6 229 
ACTCCTCTTCGCTATTGGAC TCCCTGATAGTCATCCTACCC 58 58 50.0 52.4 162 
TTCTCTGGTGCCTTTGTGC CCTTGTGGGGACATTTGGTC 59 60 52.6 55.0 227 
GGGACCGGCTCATACTACC CACACACACACACTCTCGC 60 60 63.2 57.9 214 
TTGCCTGGTAGCGCATTAG AGCATTGGAGTTGGTAAGTCTG 59 59 52.6 45.5 154 
ACCCTTCCTTTTCTGACCCC ACTGTCTGAGAGCTTCTGTG 60 58 55.0 50.0 209 
TATACCCCGAGCGACAAGC ACCCTTTCACAATCAAAATGAGG 60 58 57.9 39.1 150 
CACTTTTGACCGAGACGGC GCGTTGAAAGCAAGAGGTC 60 58 57.9 52.6 162 
CATTGGTCGTCGTGTGCTG ACCACTTTTGAGGTGTGTGC 60 60 57.9 50.0 199 
AGCGAATGACTTCCAAAGGG TTACTTGCAGTCGCATATTGG 59 57 50.0 42.9 183 
CAGGTGCTGTGGTCATGTG CCTTCGTTGTCATGTTCTCTTTTG 60 60 57.9 41.7 237 
CAGGTTCGAGTCCCAGGTC TGATCTTAACCCATCCAAGTGC 60 59 63.2 45.5 235 
CAATGGCCTTGTGCCTAGC ACAGATATACACAGACAACCCG 60 58 57.9 45.5 234 
GTCTTCTCTGTCCAGTGTGC ACTGCTGTTATTTCCTACAATTCC 59 58 55.0 37.5 156 
ACAGCAACAACAACAACAACAAC ACTTAGTCCTTCCAGTCCCTC 60 59 39.1 52.4 373 
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CACTGCTGCCCTCTTGTG GCTCGTGCGTGTGTGTTAG 59 60 61.1 57.9 161 
CAGGCGATGGTTTCCACAC TTCTTTCTACGTGAGCGCC 60 59 57.9 52.6 193 
CACAGTCCACTCTCCCACG CTGTACGCAGGCTACAACG 61 59 63.2 57.9 196 
CCGGCACCTTTGAGTTGTG CGGCTGCAATGAGAAGAGC 60 60 57.9 57.9 201 
ACAGTTCCCACCCAAGACC TCTCTCTCTCTCTCTCTCTCTCTC 60 60 57.9 50.0 225 
AGGCTGCCCTTTCAATTTCC GCCGCAGCAATGCAATAAC 60 59 50.0 52.6 244 
ACTTGAGTTAGGGCAGACAC CAGGCGCTCGATGTACTTG 58 59 50.0 57.9 163 
ACTTGAGTTAGGGCAGACAC TGTGACAGGCGCTCGATG 58 61 50.0 61.1 168 
CAGGTTCGAGTCCCAGGTC CGTGAGGCCAAGTATGGTG 60 59 63.2 57.9 249 
TGGGAATCTCGGCTCTCTG GTGAATGCAGGAGGACAGC 59 59 57.9 57.9 232 
TCAAAGAGAACTAAACCACTTCCTG GGGGCCCGAATACTTTTGTC 60 60 40.0 55.0 238 
GTCTCCTGTGAGGGCTAGG CAAGTCTGTGAGTGTGTCAAGG 59 60 63.2 50.0 190 
ACTATCCTTGTGGGACATTTTG ACCAGCTTATTTGTGTGTGTG 57 58 40.9 42.9 196 
ATGCACACCAAAGCACAGG AGTTTCCCCTCATAATAGGACATC 60 58 52.6 41.7 248 
TCTCTTGGGCAGTAAGCCG AGAGTGTGAGAGGAAGACAGC 60 60 57.9 52.4 196 
ACACGAGTGAGGAGTGCTG AGGCCACAAACTTCTGCTTG 60 60 57.9 50.0 167 
ACGCGTGAAAACTCACCAC CACTAGGGCTGCAACAACG 60 60 52.6 57.9 243 
TCGCATGTCATTCCAAACCC CAGGCTCTGAAGAACCAACTG 60 60 50.0 52.4 177 
TGTGATGCCCTTTCTTACTTCTG ATGGTAACACACCCTCCCC 59 59 43.5 57.9 214 
TCTACATGAAACAGACTTGAAGGAAC AGACAATCATTTTGTCCCTGTGC 60 61 38.5 43.5 150 
TTGGCAGTGTTGTTTCGCC GCAGTGGCTGGATTTGCTC 60 60 52.6 57.9 155 
ATCCATCTGTCTCTCTGTCTG CACACACTCAAAATACAGTAACTATCC 57 59 47.6 37.0 152 
ATCGTGCCAGAAGAATGGC GCGCTGATCCTCGACAAAG 59 60 52.6 57.9 227 
GGGCTCAATCGTGCTCAAG AGTACGTAGTAGTAGTAGAGAGAGAG 60 58 57.9 42.3 249 
GTGATTTGGTCAAACTGAACTGG GTCAGCTGTTGCACCTTGG 59 60 43.5 57.9 241 
GGTACACCTGAAAGCGCAG GCATGTAGCTTTGATTTAGTTGATG 60 58 57.9 36.0 171 
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CTGACTGGGCTGAGGATGG ACACACTGGTGTCTTTGTTGAG 60 60 63.2 45.5 212 
TGGAGTCATAACCATGTCCTAC AGCTAAACTAAACTCCACAACAC 58 58 45.5 39.1 161 
AACCGAAACATGCGAAGGC CCTTGTGGGGACATTTGGTC 60 60 52.6 55.0 152 
ACATGTACCTGGCCTCACG GGCCAGTAGTGGTGAGAGAG 60 60 57.9 60.0 166 
ACCTACGACAAGCCACGG TACACAGCAGCACCTGCAC 60 61 61.1 57.9 155 
CTCAGGGGATTCAGAGGAGAC CACTGACTCCACAAGCAAGG 60 60 57.1 55.0 164 
CGGCACCTTTGAGTTGTGG AATCAGCACGCACCGAATG 60 60 57.9 52.6 169 
AGACCAAATATACGTCTCATAAACC TGCCTGCTGCAAAACAATATTTAC 58 60 36.0 37.5 298 
ATCGGCGGAGAGTAAGTGG TCTGCATGGTTAGCATAATGAGC 60 60 57.9 43.5 154 
TCCAAGATGACACGACTCAC TGTCTGTGTAGATACGGTGG 58 57 50.0 50.0 201 
AGCTGGACGATCAAATCAACATC CCTTGTAACAGTGGTGTGAGC 60 60 43.5 52.4 104 
AGGTCCCCTTGAGGAAACAG TGGCCCTACACCTACACTAC 60 59 55.0 55.0 165 
GAGCTTGAGCTTTCAGCGG ACTGAGAGAGAGAGCTGCG 60 59 57.9 57.9 179 
CCTCATTCGAAGCACATGCC AGCACACTGCCTGCTTTTG 60 60 55.0 52.6 182 
TGCGCTTAATCACCTCCAAAG AGTGGCCCCTTCATTTTAAGAC 60 59 47.6 45.5 152 
AAAGTAACAAAATGTGCGCTTC TGTGTGTGTGTGTGTGTGTG 58 60 36.4 50.0 247 
TGCGGTTCACAGGACAGAG GGAGACCGATCAGAGTGGC 60 60 57.9 63.2 171 
GTCGCCATTACCAACCGTC CAACAGGTCGTCTAGGTACAAG 60 59 57.9 50.0 194 
CCAGAGGCCTACGAGCTTC CCAAATTCTGGTTTTAGCATGTC 60 57 63.2 39.1 160 
TCATGTGCAACCATTACAGAAGG TGTGTGTGTGTGTGTGTGTG 60 60 43.5 50.0 250 
TTGTTTGGGACGTGCTGTG GTGGGGTTGTAGTTGCTGG 60 59 52.6 57.9 169 
TGCACACGTACACACATGC ACCGTACGTAACTACTACTCTC 60 57 52.6 45.5 207 
CCGTGTTGATTTTGTGTACCG AAAAGCCGGTAAAGCTCGC 59 60 47.6 52.6 164 
ATGGAGAGTCCACACAAGG TCTCTCTCTCTCTCTCTCTCTCTC 57 60 52.6 50.0 240 
TCTGTCTGTCCGTTCGTCC CAGACACACATAGAGGGATAGG 60 58 57.9 50.0 191 
AAAGCGCAGTAAGCACACC GTCTGGCTTTGAGCACCTG 60 60 52.6 57.9 150 
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TGGCTGAGGTGTCTCTCTTATC CCTTGTGGGGACATTTGGTC 60 60 50.0 55.0 168 
GCGGTGAGATCCAGTGAAG TCTCTGTCCTGAGTGGTGTG 59 59 57.9 55.0 200 
ACGGGTTTTCCCAGATTGC GTCCAGGAGGAACCATCGG 59 60 52.6 63.2 238 
TGGCTTTTAGCTGCTTTTGC CTTTGCGCACATTTGCAGG 59 60 45.0 52.6 206 
GCTGAGGCTAGTTATCTTTGACG GCGTTTATCAGCCTCCGAC 60 59 47.8 57.9 227 
CACATCAGCCCTTCGCTTG GCCTTTGCATTCAGGCAGG 60 61 57.9 57.9 156 
AGTTGGAAACCCTATCTGGTC GAGGTGTAGCAGTAGGAGAGG 58 60 47.6 57.1 193 
ATAGCCTCAGAAGCAGGGC TGCGTGATGCGTCTTTGTC 60 60 57.9 52.6 206 
TCTACTACCTAAACATACCCACATAC ATGATGCATTTCACCCCGC 58 60 38.5 52.6 248 
AGAGTGTGCCACCCATTTC TGTCTTTGCTGTGTTCGCC 58 60 52.6 52.6 160 
TGCAGTTTCTCTGCTGTTGTG ACAGAGAGGGAGAGAGAGAAG 60 58 47.6 52.4 157 
CATCGCTGGTCTTGTGCTC TGTCTGGGACATTCAAGCC 60 58 57.9 52.6 234 
CAGTAGCCTTGTGAATTTTCATTCC AGTAAGTACGACACACTACTACTAC 60 58 40.0 40.0 272 
CCTGCCGGTCTATCTCCAC CCCCTACCCACCACACAC 60 60 63.2 66.7 171 
TCAACGCAAGGTTGTGGAC CAGGTTCTGGCTGGTAGGG 59 60 52.6 63.2 209 
TGATGTCTGAAGTAATTGTGCTC AGAATTTTCTGCTCACTAAGCCTG 58 60 39.1 41.7 222 
TCTATCTGTCTATCCATCTGCC ACAGAACCAGACGCTAGAATG 57 59 45.5 47.6 134 
CCTCATTCGAAGCACATGCC AGCACACTGCCTGCTTTTG 60 60 55.0 52.6 185 
ACCAGGTTTGGGTCTCCAC GGTTTTCACGGAGGGATCTG 60 59 57.9 55.0 241 
AGTCTTGTGGTGTGACATGG TCCCAATTATTAAACATGAAGCTGG 59 59 50.0 36.0 182 
GGAAGATTTGTACATTTAGATGCTG CAAATAGCACAGGTGAACAACC 57 59 36.0 45.5 290 
ACCTTGCGGGATCCTTCTG TCACCTAGCGTGCTTTCCG 60 61 57.9 57.9 213 
AGGCGAGACAGATGTGGAC ACTAGGGGAGAGTGCAAAGTAG 60 60 57.9 50.0 243 
GGACTTGAACCTGCAACCTC TGACCACTGCTCTGGTGTG 60 60 55.0 57.9 249 
AAGTTCTGCCCTGTACCCC TCATTGAGTTACAAGTGTTGTGC 60 59 57.9 39.1 188 
AGGTCACAACACAAAGACAGAC GCACTGATTCTGTTCTACCATCC 60 60 45.5 47.8 102 
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ACCAGCAACTTGTTAATCATGC ACACACACACACACACACAC 59 60 40.9 50.0 220 
GCTAGTAACATGCTAATGATGCTG ACACACACACACACACACAC 59 60 41.7 50.0 243 
AGTCGGCTCTTCGAACCTG CACAGTATACACTATTTGACTTGTGC 60 59 57.9 38.5 169 
ATTCGCCTATCTACTCATTGTTC ATGGATGGATGGGTGGACG 57 60 39.1 57.9 150 
AGATAGACAGACAGACAGACAG ACAGCAGCAACTTACTTCACC 57 60 45.5 47.6 176 
GGGCGATAGAAAATGTGGAGAG TGAGCCTTGAGGTACACCAG 60 60 50.0 55.0 179 
CCATCCCTCTCCATCCCTG TGACGAGGACGAACAGGAC 59 60 63.2 57.9 178 
TCGATCTGTCTGTCTGTCCG GCGTTGATGGATGGATGACG 60 60 55.0 55.0 156 
ATTCGCCTATCTACTCATTGTTC ATGGATGGATGGGTGGACG 57 60 39.1 57.9 150 
ACTCAGAGCTTTTGAATTGTAGTG CTGTCCAATATGCTGATTTGCTG 58 59 37.5 43.5 186 
GTCGCCATTACCAACCGTC CGGTGTACATACAACAGGCG 60 60 57.9 55.0 202 
TCAGTGACTAATAAGGATGTGTGAG TCGAAGCTAAACATTTCATGGC 59 58 40.0 40.9 263 
GAGCTCTTGTTTGTGTGGTG TAAGCTGGGAGGACGAACC 58 60 50.0 57.9 165 
CGCAGACGAAAACACAGGC CAGTGTAGATTGCGGTCGG 61 59 57.9 57.9 175 
TGCAGAATCTCAGGTTTGTGTG TCTCTCTCTCTCTCTCTCTCTCTC 60 60 45.5 50.0 151 
GCATGCTCATGGTTTCTTAGATG GCAGTCGACCAATCAAAGGC 59 61 43.5 55.0 235 
ACCTGATCTGTGTCTGGGC ACACAGCGGCGCATTTAAC 60 61 57.9 52.6 205 
TCGGGCTGAGATGACGATG AGCTAAAGTCACAAGTGTGTAGTG 60 60 57.9 41.7 166 
TGTTTAGACGTTTTGTCGCTTTG CAAGTAGCACAATACTAGAAAGTAAGG 59 59 39.1 37.0 349 
GAAAGCGAAGCTCTTGCGG TGTCCAGCATGTCGGATGG 61 61 57.9 57.9 232 
CCACACACGCACACAATGG CGGGACGGACTCTGAACTG 61 61 57.9 63.2 166 
CTGTCTGTTAAGGGAAGAGGC TCTTTCTCTGGATCTCAGCCC 59 60 52.4 52.4 158 
TGCTTTTCCTCCCCTGTCTC GACGTAACGCCTTGACTGG 60 59 55.0 57.9 155 
CCGAACGTCTAACAACCGC AGGGGTTACGAGAAAACCAAAAC 60 60 57.9 43.5 154 
CCTGTCTATGAAAGCGGGTC CGGCAGAACCTACGACAAC 59 59 55.0 57.9 172 
TCCCTGTCAACGTGACTCC AGACAGTCCGCTGCTCTTC 60 60 57.9 57.9 203 
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ACATCTGGATCTGACCGGC TGTGCAGCTTGCTGAATCC 60 60 57.9 52.6 215 
CGCTGCAAACAGCTCACAC AACTATTGGAACACAGAACACC 61 57 57.9 40.9 159 
CAGGTAACAGGCTCCTGGG TGGAAACCCTGCATGTGTG 60 59 63.2 52.6 231 
ACAGGTTCAGGATTAAATGAAGG ACACCCTGCTCGCAAAATC 57 60 39.1 52.6 247 
TGGCTTTTAGCTGCTTTTGC CTTTGCGCACATTTGCTAGG 59 59 45.0 50.0 207 
AATGGGACAGCCACACCTG AGCATGGAGAACAGGAGCC 61 60 57.9 57.9 219 
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Appendix 3.  Microsatellite primer designed for H. lobatus 
Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
GACGTACCCCGTGTGTTTC GTGTAGCCGTTTCTCGCAC 59 60 57.9 57.9 177 
CACGGTTCAGCTCAAGGTTC CATCTCACTGAAACGCGGAC 60 60 55.0 55.0 183 
AGTAAGGGGTATGAAATACTTTGC AGACAGATAGACAGATAGACAGATCG 58 60 37.5 42.3 161 
AGATTCTGCAATTCCGTCCG AGACTCCTGAACACACCTGTC 59 60 50.0 52.4 168 
GTGTTAAGGGGCTGTCATGTG TTCCTAGTTGCTTATTGTAGCTG 60 57 52.4 39.1 172 
ACACACACGTACTCATGTCC TGCGTGTAGAGGTATCAGAGTG 58 60 50.0 50.0 109 
TGTGGATCCTGCACCTTCTC CTGTCGTCTCTCTCTCTCTCG 60 60 55.0 57.1 158 
TGTTTCTCAGGTGGGGAGC TGGGGCGTCACAAATACAG 60 59 57.9 52.6 198 
AGAAGTGTGTGTGTGTGTGTG ACTACTATACTCTCTCTCTCTCTGTC 60 59 47.6 42.3 100 
TGGCGGCAGGTACGAATG AGCACAGAGACACTGCAAAAC 61 60 61.1 47.6 156 
TCACTAACAGACACCTTTCTTCC AGAGAGAGAGAGAGACGAGAGAG 59 60 43.5 52.2 180 
ACTTACCTAATTCACTAACAGACACC AGAGAGAGAGAGAGAGAGAGAGAG 59 60 38.5 50.0 209 
TGATTTGCGGTACAGTTTAGTTTC TGTGGTTATGTTGGTATGGATGTC 59 60 37.5 41.7 113 
AGTGTCCACTGTGTGTGCC TCACACCTGAGTGTAAGCG 61 58 57.9 52.6 101 
TGTGGATCCTGCACCTTCTC TGTCTCTCTCTCTCTCTGATGTG 60 59 55.0 47.8 153 
CTCTCTAACACCAGCGGGC ACACACACACACACACACAC 61 60 63.2 50.0 150 
TGTGTGTGTTGCAGCTCTTG TCTCCAGGTGTGATCAGTGG 60 60 50.0 55.0 185 
TGTTGTCAAGCACATGTACGG CACACACACACACACACAC 60 58 47.6 52.6 155 
AGAGTGTGTGTGTGTGTGTG ACTCACTCGTATCTCTCTCGC 59 60 50.0 52.4 153 
TTGAAGCGGTTTTCACGCC TGGAGATGCCCGAGTGATG 60 60 52.6 57.9 186 
GCTGTGACTTGGACTTAACGG ACTGTTGTGTGCTCCAGGG 60 61 52.4 57.9 216 
GAACGGGCCACTGCTTTTC AGTCACTTTTACTACGTGAGTGTC 61 59 57.9 41.7 151 
AACACAGCAGATAGCTCCG CAAGGGCCACATCTAACGC 58 60 52.6 57.9 155 
TGTGAATTTGAGGGCGATTCC CCGCCAGAAGGGTTTTAGG 60 59 47.6 57.9 199 
TGTCATTGTGTGTTTGCTATCAG CAGGCCAATGAAACAGCCC 58 60 39.1 57.9 189 
AAGTGGATTTGTCCGATATATGATG TGGATATACACACCACAGCC 58 58 36.0 50.0 150 
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GTCTGCAGGCAGCTGGG CAATTACGCCTATGGGATGTC 61 57 70.6 47.6 101 
GGGTTAAAGCAAATACCAAGCC AAAATTTAGAGTCCTAACCTCTGTC 59 57 45.5 36.0 153 
TTGAAGCGGTTTTCACGCC TGGAGATGCCCGAGTGATG 60 60 52.6 57.9 186 
AGACAGATAGACAGACAGACAGAC GAAGTTCTCGGCACATCCTG 60 59 45.8 55.0 172 
AGAGAAATGAGGGTTATGATCTTGTC CGCAATAAATTACACTGAGAACGC 60 60 38.5 41.7 153 
ATGGCACTCATCCGTGCTG TCTCACAGAGGAGATGGAAGG 61 59 57.9 52.4 151 
TGTCCAACTTTTGCCCACAC TGTGTGTGTGTGCCTTTTCC 60 60 50.0 50.0 187 
GAAAGGTTTGAGGATGTGTGC AGGTGTAGTGTAGGTGTAGAGC 59 59 47.6 50.0 165 
TCTTTGTGGGGACATTTGGTC TGATGTACTTGGCCGGAGG 59 60 47.6 57.9 112 
CCTTTCCACCTCTGTCGGG CACATAACTAGAACATTGCATACAC 61 57 63.2 36.0 168 
CACGACTGAGGTGAGACCC AGACGTGAGGCCGAGTATG 60 60 63.2 57.9 176 
AAGAGGTGGGACCATGCTG CCTCTTCGGACGTGCCTTC 60 61 57.9 63.2 240 
CGGTGTGAATGTTGATGTGTG GATCAGCCAACTCCCCTCG 59 61 47.6 63.2 182 
AGCTGTGTGCTAGACTGAAATC AAAGGTCTAACAAAATGTCCCTAC 59 58 45.5 37.5 177 
GCCTGAGAAATGCCTGCTG CGTCACACACACACACACC 60 60 57.9 57.9 198 
CTGGAGTAGCAGGGCTGG ATGTCTGTGTTCGCAAGGC 60 60 66.7 52.6 180 
AATGGCACTTCATCCGTGC AAGGAGGACGTACTGGTGG 60 59 52.6 57.9 168 
GAGTGGAAACACGAGGCG GGCCGACAGGAACAAACTC 59 60 61.1 57.9 158 
AAAAGCGATGAGCAGCGTG ACCTACCCTACCAAACCTAACG 60 60 52.6 50.0 202 
CTGACAAATCAAACCTTACCAAAC TGCGTGTGTGTGTCCTAAC 58 59 37.5 52.6 150 
GAGACGAGGCAGTCAGGAG TGGGGCGTTTATACAGCGG 60 61 63.2 57.9 226 
TGTGGAGCGGCTACTTCTG TTCAGTCCCTGACTCCTGC 60 59 57.9 57.9 184 
GTCGCTTGAGAGATGACTGC TGTGAGGTGGTGCATTGTG 60 59 55.0 52.6 155 
CGAGCAATTAAAGAACCACTGAC AGAGAGGGAAGGGGAGGAG 59 60 43.5 63.2 100 
TGTCGACTCACTCTCATCAGG TACAAGAACGCAGAGAGCG 60 58 52.4 52.6 171 
GGATCAACCCGTCCTCCTC TGCAGTTCCATTCCTCCATC 60 58 63.2 50.0 192 
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AGGAAGAGCACCAGCAGAC AGACAAGAGAGCATGTAAAGCAC 60 60 57.9 43.5 186 
CACAGCATCTCAGTCTGCC ACAGGAGTTTTGTCCTTTGACC 59 60 57.9 45.5 150 
ATTCATTGTGCCTTCCTTCTG CAGGGGTGATTTGGTTGCC 57 60 42.9 57.9 210 
TGTCTATCGTTCTACCTTTCCTTC GTGAGACAGACATACAGACATACAG 59 60 41.7 44.0 216 
TGCTGGACATGCAGTAATGG ACCAACCACGACACCACTC 59 61 50.0 57.9 210 
GATGAGATGCGCTGTGGTC ACGTAACGGGTTAACGGTAG 59 58 57.9 50.0 153 
TGTCATTGTGTAGTTTGCTATCAG GTGAGTCGTCTGTGAGTGTG 58 59 37.5 55.0 131 
AGAGACATCCAGACAGACCAG TGTCAATCTCTCTCTGCCTTC 59 58 52.4 47.6 173 
ACTCACACATGGGGTGGTG TAATGAGAGCGAGCGAGCG 60 61 57.9 57.9 214 
ACATACTGCAACATTTTCCTAAGTG CTCAATTCCTGGAGGGCCG 59 61 36.0 63.2 166 
TGCAGCGTGACACCATTTC GGTCCCTTGAGGACACAGG 60 60 52.6 63.2 241 
GCAGGTTGTCTCATGTTGGG GAGAGAGCGTGCAAGTGTG 60 60 55.0 57.9 213 
GCTTTCCATTGATGTATGGGTTG CCACTCTCCCTTCCTACGG 59 59 43.5 63.2 237 
GCTTTCCATTGATGTATGGGTTG ACCACTCTCCCTTCCTACG 59 59 43.5 57.9 238 
TCACTTTCCACCACTATGTTGC GGATGAATGAAATGACATAGCAAACTG 60 60 45.5 37.0 176 
CAGTCTCCTGTGAGGCTAGG TGTCAAAAGTTTAAGGTAGGTGTC 60 58 60.0 37.5 224 
AGCTAAAGATAGGGCCCGC ACGCCTGAAGGTCGTTCTC 60 61 57.9 57.9 160 
AGACTGAAGAAATGGTTGCTG CGCTCAATAAGCAGATGCGG 57 61 42.9 55.0 214 
TGGCTCTCCCAATCTCTGC ACTGTACATTCAAGTGCCAGC 60 60 57.9 47.6 182 
GTGGGAGCCACAGAGACC GACCAGTCAAGTTCTTCCACAC 60 60 66.7 50.0 185 
GTGGGAGCCACAGAGACC GACCAGTCAAGTTCTTCCACAC 60 60 66.7 50.0 185 
GTTCAAACTCGTGGGCACC AGCAATCTGGTTTTAGAGGGG 60 58 57.9 47.6 180 
CGTGTGGGGACATTTGGTC ACTGATGAATAAGGCTCCTGC 60 59 57.9 47.6 250 
AGATGTCAGATGGATATAGAGGC TCTAATCACACCAGGAATGTGC 58 59 43.5 45.5 241 
AAAGACCTGGGTGTGTCTG TCAGCACAAGTAACCAAACGG 58 60 52.6 47.6 177 
TAAACCGCTGGCTCTCAGG CCTGCAGCTCAACATGCTC 60 60 57.9 57.9 210 
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GCACTAGTCGCTCTGATGTC GCCATCTCACTGGAGCCTG 59 61 55.0 63.2 248 
ATCCTGAAAATGTACTCAACTGG ACTTCCCTACCTGTCCACC 57 59 39.1 57.9 195 
ACAATCCTCTTCTTCAGACCC TCCTAGATATATTGTGATGAGGTCG 58 58 47.6 40.0 224 
TGTAGTGTAGGTGTAGGGCG CCATGTGGGGACGATTTGG 59 59 55.0 57.9 171 
CACTCTAGCACCACCAGGG TGTAGGCCAGTACACAGCC 60 60 63.2 57.9 184 
TCACATTTGCACACTGCCTC CGCGCGACACACACATATAC 60 61 50.0 55.0 225 
TCTGGGTGGGGCTTGTTTG ACTAGGAATTTGTGCTCTGCG 61 59 57.9 47.6 242 
GAGATTCCAGCATCTTGACCC TCCAACTGTAGAGCAGTGAAG 59 58 52.4 47.6 229 
CAGTCCGTTCTCACCTCCC AACATGTCCAGTGGCGGTC 60 61 63.2 57.9 247 
GTGATTGGTTAGCTTTTACACTGC CGTTCTCTTCAGACGGGATG 60 59 41.7 55.0 247 
GCCCATTTGGCACGACTG AGACCTTTTGAATCACCGAAGC 60 60 61.1 45.5 209 
TACTGCTGGGCTCGATCTG ATCTGTTGGGTGGGCTGTG 60 61 57.9 57.9 195 
GACAGAACAAAACATAGATTGACAG ACAGAGAGATAGAGAGACAGACAG 57 59 36.0 45.8 192 
ATTTTGGGATGTAGCATGAGC TGCGTTGCTGACTGATGAAG 57 60 42.9 50.0 179 
CATGTATATGTGTAAAGGGCCAAG TCTATCTATCTGTCTGTCTGTCTG 58 57 41.7 41.7 204 
ACGCCTGTCTGTCCTTCAG GTGTGTGTGAGTGTGTGACG 60 60 57.9 55.0 188 
CACTTTCTGCAATGTGTGATTACC CATGGGAAAAGTTTATCTGAAGGAG 60 59 41.7 40.0 237 
AGAAGAAATCTCCCTCTCGC CTCGCTACTACCTCTCCTCC 58 59 50.0 60.0 162 
ACCTGTGAAGAGGCAAACC TCACAGCTCAGATCACCAC 58 58 52.6 52.6 228 
GAGGGGTGACAACTGTATTTAGC ACAGCGTGTTGTGTTGCTC 60 60 47.8 52.6 243 
CACTTTCATACAGAGTGCTTTTGC CTGGCAGTTCTGGCTGAC 60 59 41.7 61.1 358 
CACAATGACAGTGAGGTCTGC AAGGACGAGGACGACACAC 60 60 52.4 57.9 199 
GCTCATTGATGCGGTCCAG CAATTGCGCCTATGCTCCC 60 60 57.9 57.9 220 
TCTCTCACTCTCTCTCACACAC ACTGTTCATAATGTGACTGAAATGC 59 59 50.0 36.0 213 
TGTGTAGATTAGAGTGTAGTGGTG AGCACAGCGATGAGGTCAG 58 61 41.7 57.9 158 
TTGTGCAATCACCTCCGTG GCGCACACTATCCTACTGC 59 59 52.6 57.9 200 
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ACATCTATGTATGAGAGTGTGTTTG GGTGATGAGTCGAATATGGAGG 58 59 36.0 50.0 150 
CTGGTACAGGTGTGTTATAAATGC AGCAACAGTTTGAACAGGAAC 59 58 41.7 42.9 213 
TGCAATTCACATCGGGTGC CGGGCCTTTCCGAATAACG 60 60 52.6 57.9 151 
GTGTGAGTGAAAGTGAGGAGAC GTGTGTGTGTGTGTGTGTG 59 58 50.0 52.6 151 
TCACGATTGTTTGTCATGTTGG GAGAGGCAGCTCCTAACCC 59 60 40.9 63.2 234 
TCTTCGTTGTCTTCGCCTTC GCCACGTCACAGAACAGAG 59 59 50.0 57.9 239 
GCAACTGCTCATCAAAGCG CTCGATTCGGAAAGGTGGATAC 59 59 52.6 50.0 200 
CTAAACAGTTGCTGGTCCCC AGACAGACAGACAGACAGATAG 59 57 55.0 45.5 164 
CTAAACAGTTGCTGGTCCCC AGATAGACTAGACAGACAGACAGAC 59 59 55.0 44.0 274 
TATTTGGGCCAGTTTGCCAG TGGACCACATGAAGAATAGTAAAG 60 57 50.0 37.5 150 
GCGACAGGTCTGTTATGCC AGAGCTGGAGGTGTAAGGAG 59 59 57.9 55.0 152 
TTCCTCAAGGGGACCTCAC TGTTGAGCTAATCTAAAGTGCAGAC 59 60 57.9 40.0 192 
GCGTGTCCTGTTTGAGTCC ACAAGGAGACGGTGGATGG 60 60 57.9 57.9 223 
CCTTGTGAGGATCCAATGCG CAACCACCAGCAGAAGTGC 60 60 55.0 57.9 244 
TCATCTGTCTATCTGTCTGTTTGTC TGGACGGAAGGATGGACG 59 60 40.0 61.1 217 
TCTATCTATCTATCTGTCTGCCTGTC ATGGACGGAAGGATGGACG 60 60 42.3 57.9 151 
CCAGTGAAATTAGGCATCTACCC TGTGTGTGTGTGTGTGTGTG 60 60 47.8 50.0 151 
TCATGGAAAACCTGCACGC CTACCGACGAGAGAGAGACG 60 60 52.6 60.0 191 
TTAAGGCCCCATACCCAGC AGGGCCATAGAAAATAGCGG 60 58 57.9 50.0 227 
AGCAGTGGAAAGAGAATTGCTG GTGTGTGTGTGTGTGTGTTC 60 59 45.5 50.0 157 
CAGGGTCCAGTAAAACAGCAG TGGTTGTTCGTACTGTCTCG 60 58 52.4 50.0 189 
AACCGAGTGCACCAATCAC AGTAGTCAAACCTGTTCATTGC 59 58 52.6 40.9 245 
GGGTTTGCCGGAGTTTCAG TGACAGACAGACAGGCAGG 60 60 57.9 57.9 172 
CTCAAAGGAACAGAGCCGTC GAGTGTCCTGCTGTGTTTGG 59 60 55.0 55.0 219 
TTATTGGTGCTTGCCAAAGG CTTCTCCCGTATAGGCCCC 58 59 45.0 63.2 172 
TGTCCTTGTTTCTGACACGC TTCAGACAAACAACACCGC 59 57 50.0 47.4 169 
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GCGGAACAGAGCCAGAGAG GGTGTTTAGCTCTTGGTGACG 61 60 63.2 52.4 153 
ATGTGACCCTGGAGATTCG AGCAATAGCCAACAATACCTTG 57 58 52.6 40.9 231 
ATGTGACCCTGGAGATTCG AGCAATAGCCAACAATACCTTG 57 58 52.6 40.9 231 
GCCTTCATCAAACCCAGAGC TGTCAGCTGCTCCATTAAGAC 60 59 55.0 47.6 243 
CGCATGGCAAAGTTAACAAAAG CCTTCGTGGGGACGATTTG 58 59 40.9 57.9 196 
TAAGGTTTGCCCCACCCTC CTGTCACGCTGCCTTTCAC 60 60 57.9 57.9 173 
GCAACTGAAAACAGATGCATTTAAC GCCACTGTAGTGCGCTATG 59 59 36.0 57.9 223 
TCTGTAGTGTCTTGGCCCC GTCTGATCCATGGCAAGCG 59 60 57.9 57.9 222 
TGTCAGCAACATTACTTGGC GTTCAGCATGGTGGAGCTG 57 60 45.0 57.9 177 
ACCCTAAACTCTAACCCTAACCC GGAGGTCTGTGCCTAGTGG 60 60 47.8 63.2 155 
CTAAGGGGACAGCCACACC GCTGATAGGCCTGCAACAC 61 60 63.2 57.9 205 
CGAAGCAGGAACAGGGATG ACACCTGGAGACACAGTCAG 59 60 57.9 55.0 162 
CCCCTGGACTAGAACTTCGC CCCACCAATCACCACCAAC 61 59 60.0 57.9 150 
GTCTCCTGTGAGGGCTAGG TCCTGCGCTTTTGTTCCATC 59 60 63.2 50.0 244 
CTCCACCCTCGATACCACG ACACACACACACACACACAC 60 60 63.2 50.0 159 
CTCCACCCTCGATACCACG ACACACACACACACACACAC 60 60 63.2 50.0 165 
TGCAATCGATCTGGGGAGG GGGTTAGGGTTAGGGTTAGGG 60 60 57.9 57.1 232 
CACTGCTCGTCTTTGGGTG GGTTCTTCCATACAGATGCCG 60 60 57.9 52.4 240 
ATTGTCGGTGGAGGGAGTG CCTTGTGGGGACGATTTGG 60 59 57.9 57.9 171 
GCGTACATACATAGCATTTACCTG TAACCACGGTACGACACAC 59 58 41.7 52.6 203 
GTCCACACACCTGCGTTTC ATGCAAGCCACCTCCCTAC 60 60 57.9 57.9 177 
TGAATACACAATCACCACAATCG GCAACGAATGAAGCGGAAATG 58 60 39.1 47.6 217 
TGACATCAAAAGAACACTCAACC GGTTGTGAACAAACTTGCTGTG 58 60 39.1 45.5 179 
CGCACACCTCTTGTCTGTG CGTCTCTCTACTACTCGTCTCC 60 59 57.9 54.5 200 
TCAGGACAGAGACGGACCC CACAACAACACACACACTACAC 61 59 63.2 45.5 150 
ACATACTGCAACATTTTCCTAAGTG CTCAATTCCTGGAGGGCCG 59 61 36.0 63.2 167 
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ACCACAACAACAACAACAACAAC AGTGGCTGTAAATATTAGACCTGAC 60 59 39.1 40.0 186 
GTCTGTGAAGGGCAACAGC CACATCAAGCCATCCATAACTAC 60 58 57.9 43.5 211 
AGCTGTGCAAACAACAAGC TTGGCCCTTGTCAAACGTG 58 60 47.4 52.6 223 
AGAGAGTTCCATCTGACATCTTTC CCTTGTGGGGACGATTTGG 59 59 41.7 57.9 158 
TGGCCCCTGTCCTCATAAAC TGCTGTCTGTCGACCCATC 60 60 55.0 57.9 175 
TGCACAGTGTCTATCAGGTC ACCCTACCCTCCTCCTCTC 58 60 50.0 63.2 158 
TCATTTGCATCACGCTCCG TGTCCTGAAAGGGTTGTGG 60 58 52.6 52.6 219 
CACAGTCTCCTGTGAGGGC CCCACAAGGTCAAAATGTGC 61 59 63.2 50.0 217 
TCTCGCCTGTCTTTCTCCG TCCTATCTGACCGCCACAC 60 60 57.9 57.9 151 
TGCAGCACTTTGTTTGGC GTCTGACTTCCCATTACATCATAGTC 58 60 50.0 42.3 190 
TGGTGAAAAGTAGGTGATTGC AGTAGGGGCGTCTGGAAAG 57 60 42.9 57.9 150 
CAAAGTCAAAGGCAAACCCTG ACGCAGCAATAATTTTCCTTACC 59 59 47.6 39.1 200 
TCCGCAGTGGGAAATGAGC AACGGTTGGGGTGAGCTG 61 61 57.9 61.1 152 
GGAGCAGCTAAAGCAGACG CCTGCGGGACAAACATCAC 59 60 57.9 57.9 187 
TGGGATGCTTCACTCTTGAAC TCTTCTTTCTCTCTCTCGCTC 59 57 47.6 47.6 195 
CACACACACGGACACACAC TGCTGCTCACCCTGAACC 60 60 57.9 61.1 230 
GTGTGTTCAGGTGCCATCG TGGACAGCAGGTGGATTCG 60 61 57.9 57.9 249 
CCTCAGTTTGGGGTCTGGG GCGAGAGAAGAAGAGAACGG 60 59 63.2 55.0 151 
AGCAGGAGATGTTCTGATGG AGACACCAGATTCACACGC 58 59 50.0 52.6 168 
CCTCGCAAGCATACGTTCTC TGCTGGCTGTTGTTTAAGTCG 60 60 55.0 47.6 200 
ACGCCTGTCTGTCCTTCAG GTGTGTGTGAGTGTGTGACG 60 60 57.9 55.0 188 
ATCTGTCCGTCCGTCCATC CAGTCACACAGACAGTCACAC 60 60 57.9 52.4 193 
CGCAAAACAGACAGGGTGG ACGTGGGAGAGCTCAACTG 60 60 57.9 57.9 183 
GGCATTACGTTAGGTGGCG TGGTGCGAGGACCCTATTG 60 60 57.9 57.9 222 
CGTACTAGTGTGGACGGGG TGAGAACATTCCCTGTTAGCTG 60 59 63.2 45.5 195 
AGATCCAGCTCCTAACCCAAC ACTCTCTCTCTCTCTCTCTCTCTC 60 60 52.4 50.0 201 
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TCACTCAGAGCCATCCGAAC AGGGGCAGTGCGATAAGAG 60 60 55.0 57.9 247 
TGGTGCGAGGACCCTATTG ATTAGGTGGCGCTGTCGAG 60 61 57.9 57.9 214 
TCCGCAGTGGGAAATGAGC AACGGTTGGGGTGAGCTG 61 61 57.9 61.1 152 
TGCTCCCTAGCAACACGTC GCTTATCCTTACTGCACACTACC 61 60 57.9 47.8 238 
AGAACGATATCTGAAGGATCATGTG TCTCTCTCTCTCTCTCTCTCTC 59 57 40.0 50.0 369 
TGAGTGTCTCTTCTGGACATCAG ACTCTTCTGTCCCTGCCAC 60 60 47.8 57.9 235 
GTGCCATGTTGTGTTGTGC AGCAGTTTACAGAGGTGATGTC 59 59 52.6 45.5 220 
TCCGATTTGATTGTTAAACGTGC GCAGACCAGTCAAGTTCTTCC 59 60 39.1 52.4 245 
TGAACGGCCCTCTAGACAC CTATAACTAGCCCAGGCAAAGC 60 60 57.9 50.0 151 
TAAGGTTTGCCCCACCCTC CTGTCACGCTGCCTTTCAC 60 60 57.9 57.9 172 
CACACACACGGACACACAC TGCTGCTCACCCTGAACC 60 60 57.9 61.1 230 
GCGCTGCTTTAGAATGTGC TACAGCCCACTAAGGCGTC 59 60 52.6 57.9 241 
AGCCTAGATCGCCAACTACTG CACGCTTGGTAGACCTTTCC 60 59 52.4 55.0 300 
TGAGTGCCTCAATTGTCCTC TCTCTGTCTGTCTATCTATCTATTGG 58 58 50.0 38.5 224 
GGTAGGTCGCCTTGTGGTC AGCGACTGGTTTTGTGGTG 61 59 63.2 52.6 249 
ACGCCTGTCTGTCCTTCAG GTGTGTGTGAGTGTGTGACG 60 60 57.9 55.0 188 
ACATGGAATTTGTCAGTGTGG TCTAAAGCTGAAGCAATTGGG 58 57 42.9 42.9 182 
AGGTCCCACGATTGATGCG GCATACTTATTATTATTGGTGCTGCC 61 60 57.9 38.5 229 
TGAACAGGTCAAATGATCCTCATAG TACAGACGGTTCACCCACG 59 60 40.0 57.9 288 
AGCAACAGATACCACTACTTCTC TAACGACACGACGACCGAC 58 61 43.5 57.9 193 
TTTCTGAATGGCATAGAAGGC CCGGTGGATTAACATGCGG 57 60 42.9 57.9 160 
ACCAAAGCTCCTCCTCTGG AGCCACTGAGTTAATTGCCC 59 59 57.9 50.0 167 
TAGGAATACCAGGGAGGGG GCCGGGGTTAGGATTAGGG 58 60 57.9 63.2 180 
ACCAACAGTTAGATGAGACTGC GCGTGTGTGTGTGTGTGTG 59 61 45.5 57.9 157 
TCCGCAGTGGGAAATGAGC AACGGTTGGGGTGAGCTG 61 61 57.9 61.1 152 
TAATCAGAGAGGTTCCGGACG GTGTGTGTGTGTGTGCGTG 60 61 52.4 57.9 150 
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ATCCATTCGTTCATGTGTCTG GGATAGTGGACGACGGACTG 57 60 42.9 60.0 111 
GCGGACATGTAAATGAGGGG CCTTAGCCATGAAAGTGAGCG 59 60 55.0 52.4 210 
AGATGAAAAGCACTGCCTAATG TGCAACCAAGCGGGATTTG 58 60 40.9 52.6 179 
CTAGCCCTCACAGGAGACTG TACGCCTATGGAATGTCCC 60 57 60.0 52.6 243 
ACGACATCAAATCCAGAACAGG GCAGCATGGTGTAGGTGTC 59 59 45.5 57.9 222 
GCGCAAAGAGGTAAACAAACC GTTTGAGCCCCAAGGGAAC 59 59 47.6 57.9 152 
GGTGCCTCAGAGTTTTAACTTCC CACTGGGTTGGTACTTCTGC 60 59 47.8 55.0 176 
TGATGGATTTGGCGCAACC TTGCAGCCCACGTGTCTC 60 61 52.6 61.1 185 
TCCTCATGTCAGATTTCATAGGTTTAC TCACATAAAGACAGCAAGACG 60 57 37.0 42.9 351 
TCCTCATGTCAGATTTCATAGGTTTAC TCACATAAAGACAGCAAGACG 60 57 37.0 42.9 351 
TGTTGATTACTGTGAAATTCGGAC CACGTCTGTACTTTCTATCTATCTATC 59 58 37.5 37.0 198 
CCTCATCGCTGTGCTAGTG TCGCTGTGCTCATTAAAAGTAGG 59 60 57.9 43.5 118 
CTGAGTGAATACTCTCGACACG ACCAATTACGCCTATGGAATGTC 59 60 50.0 43.5 250 
CTTGCCTTGTGTCTGCGTG CTCTCAGTCTGCTCGTCGG 60 60 57.9 63.2 195 
TGAGCTTGAATTGTCCTGGC ACGAAGCCCACGCTCTATC 59 60 50.0 57.9 223 
GCACTTGGAATTCTAGCCTTGG GGACGACAAAAGGACACCG 60 60 50.0 57.9 178 
TCTGTTACTTGTGGAGATGTGC CAGGACACTGGAATGTTCTCC 59 59 45.5 52.4 166 
ACCTTGGTGTTTTACCCTGC TGGAAGTGGAGACGGTGTG 59 60 50.0 57.9 150 
TTTGTGGGAGCACTGGTTG AAAATAGGAAACTGGACTAGGAAC 59 57 52.6 37.5 347 
TTTGTGGGAGCACTGGTTG AAAATAGGAAACTGGACTAGGAAC 59 57 52.6 37.5 347 
ACAAGACGTACCTTTGAGCAC AGTAACAGGCAGAGCAACAG 59 59 47.6 50.0 240 
AGGCTTTGCACTCTGTTTGG CTGCCAGACTGAAGTATTGGG 60 59 50.0 52.4 156 
AGAACCATGGAACAACAGAACG TTTTGGTTGTCCGTCAGGC 60 59 45.5 52.6 183 
TTTGATTTCACGCCGGTGG ACACCCCACACAACAGGAC 60 61 52.6 57.9 194 
AGAGAACAAAAGTGCTAGGTAGG CCTTGTGGGGACGATTTGG 59 59 43.5 57.9 152 
GGGTTTGCCGGAGTTTCAG TGACAGACAGACAGGCAGG 60 60 57.9 57.9 172 
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ATGTCTGTGGGGTCCTGTG AAGAACCGTAGCATCAGCC 60 58 57.9 52.6 210 
AGGGTATTTCCCCTGGTTTC CCCTAACCCTAACCCTAACCC 58 60 50.0 57.1 159 
TGCTTGCTGAGTGTTATTTGC ATCTCTCTCGCTCGTGCTC 59 60 42.9 57.9 163 
TCACGTTATCCCAAGGAAGC AGTCAATAGACGGAGAATAATCGG 58 59 50.0 41.7 153 
TGTTACCACCTAATACATCCCTG TGTAAAACCTGGCAACCCTC 58 59 43.5 50.0 223 
TGACTTTGGAAGAAGTTGAAGTG TGAGAAGCTGTGTCCAAACG 58 59 39.1 50.0 161 
AGGGTTGGGTTATGGTTAGG AATAGGAAACCGGGAGGGG 57 59 50.0 57.9 247 
GGGTTAGGGTTAGGGTTAGGG GAGCTCCCAAACCAAGTGC 60 60 57.1 57.9 242 
TCGTGTGATCTGCAGGGAC GAGGCCATGTGCCGTAAAC 60 60 57.9 57.9 197 
CGTTGTGTCATGTGCTCCG GGAGGTTGTTCAAGACGCC 60 60 57.9 57.9 168 
ATGTCTCACTCCCTCCTGC TGTTTTACTAGTGAGTGTGTGTGC 59 60 57.9 41.7 150 
GATTGACCAGCCATGAGCAC GAGAACACAACAGCAGCCC 60 60 55.0 57.9 214 
GCCCAAATGGTACTACACTGAC ACTGTTTCCCTTTCCTAGCAC 60 59 50.0 47.6 166 
GATGAAAGCCGGCCCATAC TGTACCTCATCTTTCTTCCTCC 59 58 57.9 45.5 130 
TCACTAACGCCACCATCCG CTGTGTAGGGAACCGTGGG 61 61 57.9 63.2 193 
TCACTAACGCCACCATCCG TCTGGCTGTGTAGGGAACC 61 59 57.9 57.9 198 
TGGTGCGAGGACCCTATTG GAAATGTGTCGTTCGGGGC 60 60 57.9 57.9 241 
AACACCAGTAACAGGGAGG GACCAAATGTCCCCACAAGG 57 60 52.6 55.0 293 
TCTCGCTCTAGGCACTTGG GGACAGGATGAAGTGACGTG 60 59 57.9 55.0 158 
CTCTCCGTAGCCTCAGTCG AGGTTTAGGTCCAGGGCAG 60 59 63.2 57.9 235 
GCCTTTGTCAGAATTCAATGAGC TCTCGTCTTTGGGGTCGTC 60 60 43.5 57.9 164 
GCTTCAGAGAAAACACCATGC GTTCCAGAGAAAACACCAATGC 59 59 47.6 45.5 250 
TGTTTCACGCAATTCCTACTTAC GCAATACATCAATAACTGAATGGCAG 58 60 39.1 38.5 175 
GCAGGCATATGGAGGATTGC ATAAGGCCAAATGCAGCCG 60 60 55.0 52.6 154 
TGGCATTTACATCCACAAAACAAC GTATGCGATAGACAGCAGGC 60 59 37.5 55.0 184 
TCAGCACAAGTAACCAAGGC AAAGACCTGGGTGTGTCTG 59 58 50.0 52.6 172 
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CCCATCCAAGTGCACACAC ACCACGACTGAGGTGAGAC 60 59 57.9 57.9 153 
TTGACTGGCAGGTATGCAG ACAACCACGTTTTGTTATGAGTG 58 59 52.6 39.1 165 
TGTGCTAGTTTGATATGCCAAG CCAGGCTGCCCTAGAACTG 58 61 40.9 63.2 156 
TGACCACACCCTCTGTTCC GTTGATGAGGTGACCAGCC 60 59 57.9 57.9 198 
TGTTTGTCACCCTTTGAATCCC TGGCTATGCATCCTAACGC 60 58 45.5 52.6 203 
GTGAGTGAAAGTGAGGAGACG TGTGTGTGTGTGTGTGTGTG 59 60 52.4 50.0 151 
GCACGTAGTGCTGAAACCC CGATTGGGGCGAGACTTTG 60 60 57.9 57.9 202 
CAGGAAGGAGCCGGGAC TCTGCCCGCTCATGATCTC 60 60 70.6 57.9 159 
CTCGCTCACGCTCTCACTC TGCTTTGCTCTGAGAACTTTTG 61 59 63.2 40.9 167 
TTCAGCAAGAGGACACCAG ATCCCAGGGCACTGTATTG 58 58 52.6 52.6 185 
GTTCAAACTCGTGGGCACC GCTAAGCTGAATGGCTGGC 60 60 57.9 57.9 226 
TGGTGCGAGGACCCTATTG ACCACTTTTGTAGGTGTGTGC 60 60 57.9 47.6 202 
ATCTCGGATGCACTTGGGG CTGAGAGAGGACCGTCGAG 60 59 57.9 63.2 217 
ACAGCATGAGGATGAAAACAC ACACACACACAGACACACAC 58 59 42.9 50.0 165 
TGACAATGACATCAAAAGAACACTC ACCTGATGAGAAGCTTGAGAGG 59 60 36.0 50.0 201 
TGTCTCCTCTATGTCACTGTATCC CTGTCAAGGCCCAGAAACG 60 60 45.8 57.9 193 
TACAGCAACTGGCACAACG CAGAAACCAAGTTTTGTGGGC 59 59 52.6 47.6 191 
TCTACAAACTTCCCTCTCTCTCAC TCTGTGTCTCTCTCTGTTCTGTC 60 60 45.8 47.8 151 
CCCATCCAAGTGCACACAC GACCAGTGCTCTCTCACCC 60 60 57.9 63.2 173 
TGCCAGCAATTCACACATAG ACAACCTGCTGGATCTACATTATC 57 59 45.0 41.7 105 
CACCTTCATTAAAACTAAACTCCAGC ACACACACACACACACACAC 60 60 38.5 50.0 235 
GCGGGAGAGCGTGAAAAC AGTTGATGGTGAGGGCGAG 60 60 61.1 57.9 186 
ACAGGCAAGGGTCAGATCG AGTGTGTGTGTGTGTGTGTG 60 60 57.9 50.0 188 
CACTCTAGCACCACCAGGG TGTAGGCCAGTACACAGCC 60 60 63.2 57.9 186 
TGAACTGTGGCATGAACTGC TTCATTGCTCAGAGGGTTTGTG 60 60 50.0 45.5 150 
TGCCAAGGAATAAACAAAACACTC ACGACACATGAAGACATGCAC 59 60 37.5 47.6 209 
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GCTGCGATCTTCCTGTTGG ACACACACACACACACACAC 60 60 57.9 50.0 275 
CTGTGTCTCTAAAGCCGCC GGGAGTGTCAAGAAAGGTGTG 59 60 57.9 52.4 208 
AGATGGAGGGATGGTAGGC CCAGATGAGCAGAAAGTACCC 59 59 57.9 52.4 236 
CCATGCAAGGTGTTCATGTC ACTCTCTCTCTCTCTCTCTCTC 58 58 50.0 50.0 212 
AGCAGTAGAGGAAAGAGGGG GTAGCTTGAGGCGGTGTTG 59 60 55.0 57.9 161 
ACAAATGCAAGGATAGATTGACAG ACACACACACACACACACAC 58 60 37.5 50.0 153 
ACACACCTCCATCATCTGG GTGTGTGTGTGTAGTGTCGTG 57 60 52.6 52.4 249 
GCACACAGCAGATTCCGAC ACACACACACACACACACAC 60 60 57.9 50.0 116 
GCCTGTCTGCCCATTCATC ACAGACCCGACATCCAGAC 59 60 57.9 57.9 187 
TTTGAGTCCCAGGTCCAGC GCTCTGCATTTAACCCTACTCC 60 60 57.9 50.0 199 
CTGTCAACACAGCTCTGCC TGAAAGGACGAATAGAGTGTAGC 60 59 57.9 43.5 104 
TGACTTCAGACGCTTTGACC ACTACCTACTGAGGCGAGC 59 59 50.0 57.9 175 
CACATATTAAACCGGGGCG GCAGTCGCTACTCAAAGGAAG 57 60 52.6 52.4 250 
CGACGACTAGAAAACATCGCC CACTGGTTTTGTTGCTTCAGG 60 59 52.4 47.6 193 
ACAGGCAAGGGTCAGATCG AGTGTGTGTGTGTGTGTGTG 60 60 57.9 50.0 188 
GCGAGTCAGGAAACAGCAG GTGCTCCAGGGTCACAAATG 60 60 57.9 55.0 151 
TGGGAGTTGAGCATCCACC TCAGGCTTGCATAATGTGGC 60 60 57.9 50.0 237 
TGTATTTTGGGATATAGCCAGGATG AGAGCAATTCAGTCAGGGAG 59 58 40.0 50.0 174 
AGCAATGCAATGGCTGACC ACACACACACACACACACAC 60 60 52.6 50.0 151 
CCCCTGGACTAGAACTTCGC CCCACCAATCACCACCAAC 61 59 60.0 57.9 150 
GACAGAACAAAACATAGATTGACAG ACAGAGAGAATGAGAGACAGACAG 57 60 36.0 45.8 192 
AGCACACAATTCCCTAGAACATC TGTTTGTTGTGCAGTGCTCTC 60 60 43.5 47.6 214 
CTCTCCGTAGCCTCAGTCG CCAGGCAGAAAGAGGAGGG 60 60 63.2 63.2 222 
TCGAATTCAAAGCCCAGCG ATGGAGACCCAGACACCAC 60 59 52.6 57.9 199 
ACTGCTTACTGCACTTCCG GTGCAATGTCCTCTGCTGG 59 60 52.6 57.9 210 
GTGGGTAACGTGTTGGCAC AGGGAACCATGCAGGACAG 60 60 57.9 57.9 201 
207 
 
Appendix 3. Continued 
Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
TCCAGCCTAAGCCCAATCAG TCGTTTTGCTATGAAACTCTTTCTC 60 59 55.0 36.0 221 
GCGGGAATTAACGGGCATC AAAAGGAAAGGGGAGGGTG 60 58 57.9 52.6 293 
GCGGGAATTAACGGGCATC AAAAGGAAAGGGGAGGGTG 60 58 57.9 52.6 293 
TTGCGCACACATGAACCAC ATCAGGTGCTGGCTGAGAG 60 60 52.6 57.9 186 
AGAGCTCAACACCCGTCAG CGCATCGACAGACAGAACG 60 60 57.9 57.9 217 
CAACCGTAGGCTTGCTTCC GTTCGCTGCATGAAATGTCTC 60 59 57.9 47.6 150 
GGTCGGTGGCGATGATTAC GAAACTGACCGGAGCGAAC 59 60 57.9 57.9 208 
ATACACACAACTACATGGCAC ATTATAGAGAGAAAGTGAGCCTTTG 57 57 42.9 36.0 193 
ACCAGGAGGACACAAACCC GCACACAGCAGCAGAGTAAG 60 60 57.9 55.0 212 
GCGACAGTAGGCCATAAGC GCATCACACACACGTGGAC 59 60 57.9 57.9 172 
GTGGCTGTGGGTAGTTTGC CTGGGCTTCACATCTGCTTG 60 60 57.9 55.0 191 
GTTCCTCGCTGCTGCTTTC CAGCCACAGACGCTTTTCC 60 60 57.9 57.9 205 
TGGGTTTTCGCAGGTCAAC CAGGCCACGCTGTATTGTG 59 60 52.6 57.9 179 
TGTGTTATATTGCAGTCACTCCTG TGTCTATTTAGTTGTCCTCCAGC 60 59 41.7 43.5 160 
AGATATGCAAGATCCCCAGCC ATGGATTGTACCTGTAAAACAATGG 60 59 52.4 36.0 150 
AATCCCTGCCGGACCAAC CGTTGTAGTGAGTGAGTGAGTG 60 59 61.1 50.0 235 
ACACTTTTGAGTGGTTTTGTGG TGCACAGTCTCCTTTGAGGG 59 60 40.9 55.0 168 
TGAGAAACGCACATGTAGACAC GTAGAGACGACCGACCGAC 60 60 45.5 63.2 184 
TGAGAAACGCACATGTAGACAC GTAGAGACGACCGACCGAC 60 60 45.5 63.2 184 
CCAGGTTCACACACACACAC TCCCTCGCAAAGGTAGTCC 60 60 55.0 57.9 108 
GTCCTGGGACCGCTCTTTC AGATGGATGGATGGATGGATGG 61 60 63.2 50.0 248 
ACGCCTATGGAATGTCCCC CAGTAGCCCACCAGGAGTAG 60 60 57.9 60.0 205 
CATTCGCAACTGACCCTTCC TAGCAATGGCTGACCACCG 60 61 55.0 57.9 192 
GTGGTGAACCTTAGATCCTTCC TTACACACGCTCACACTGG 59 59 50.0 52.6 121 
ACGCCTGTCTGTCCTTCAG GTGTGTGTGAGTGTGTGACG 60 60 57.9 55.0 188 
CTTGAGCAAGGCACCGAAC GTGCTCTGCATTTAACCCATCC 60 61 57.9 50.0 150 
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Appendix 3. Continued 
Primer Annealing Temp. (oC) GC Percent Product   
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CTGCAGTCCGTCTAATGAGC ACACACACACACACACACAC 59 60 55.0 50.0 151 
GCCTTTGTCAGAATTCAATGAGC TCTCGTCTTTGGGGTCGTC 60 60 43.5 57.9 165 
TCACAGTTTGCAGACACCAG TGTGTGCTCTGTGCTTGAC 59 59 50.0 52.6 241 
GGTTTGCCGGAGTTTCAGC ACAGTACAGACAGGCAGGC 61 60 57.9 57.9 170 
ACATACTGCAACATTTTCCTAAGTG CTCAATTCCTGGAGGGCCG 59 61 36.0 63.2 166 
TGGGTCGCCTCAAGAACTG CAACCCAAACCCGACCAAC 60 60 57.9 57.9 193 
TGGGACTAATCCACAATCCC AGGACAAGGAACATACTTGAAAC 57 58 50.0 39.1 276 
CTTGTCCAGGCAGATGAGC GGGTCCATTTAACAACACAATGG 59 59 57.9 43.5 206 
GAGGGGTGACAACTGTATTTAGC ACAGCGTGTTGTGTTGCTC 60 60 47.8 52.6 243 
TCTGCTAATCTATCATTCCATCAATCG ACAGAACAATCAAACGAACTGAC 60 59 37.0 39.1 223 
AGCAACAGCCGAAATGTGC AGGTAGTGTCCAAACTTTTAGTATCTG 61 60 52.6 37.0 199 
TGGCATCGCTTTTAAGTCACC TCCTCCTCCTCTCTCTCTCTC 60 59 47.6 57.1 163 
CCTCTCTGGTCCCATGCAG GTGTCTAGTCAGCCTTATGCG 60 59 63.2 52.4 230 
ACAAAACTCTGTTGGAGCCAG CCAGAGCAAGCAAGACAGG 60 59 47.6 57.9 235 
AAAGTGAGGCGTGAGGGAG CAAACCAGTGAGCGTGGAG 60 60 57.9 57.9 102 
AGATGAGACTGCTTTTCTGGG AACATGTGTGTGTGCGTGC 58 61 47.6 52.6 164 
CTATTGGGACACGCGCAC ACTACCTAACTGGAAGTAGACCC 60 59 61.1 47.8 151 
TTCCTCAAGGGGACCTCAC CATTGGTTACTCCGCCCAAC 59 60 57.9 55.0 184 
CTCTTGTGGCATTAGGGGC TGAGAGATCTTCCGCAGAGTG 59 60 57.9 52.4 158 
TGCACAGTGTCTATCAGGTC ACACACACTACCTACCTCCTC 58 59 50.0 52.4 164 
GTGTGGCCAAGTATGGTGC CTGAGGTGAGACCCTGAGC 60 60 57.9 63.2 196 
AATATGTGGGGTTGTCAAGATG TCTGTGGAGCGTCTAGCTG 57 60 40.9 57.9 154 
CCGCAAAACAGACAGGGTG AGCTCAGAGTGTGCCTCTAC 60 60 57.9 55.0 150 
GTGACTGCCCAACTGTTCC CTCGTCTCAGCTGGTCCTC 59 60 57.9 63.2 163 
GATTGCAGCAGAGGAAGCC GTGTGAGGTGTGTGTGTGC 60 60 57.9 57.9 175 
GCTGCGATCTTCCTGTTGG ACACACACACACACACACAC 60 60 57.9 50.0 276 
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Appendix 3. Continued 
Primer Annealing Temp. (oC) GC Percent Product   
Left Right Left Right Left Right Size (bp) 
GCACAGTCACAATGCTTTCC TACTTGACTGAATTGACCTTGAC 59 57 50.0 39.1 150 
TCTTAAGTCGGCCCGGAAC TTCTTCCAAGCTAAAGGAAAGTC 60 58 57.9 39.1 151 
TGTGCTTTCCACAACCTCAC CCACGCCAAAGAAGAAGGG 59 60 50.0 57.9 221 
ACTTAGTGCTCAGTAGCCCG TGTTCCAGAAAGAGACCAGC 60 58 55.0 50.0 153 
ACGAACACCTCTCTCGTCTG TATGAGAGCTGCCTGTGCC 60 60 55.0 57.9 191 
TGTAAAGTTAATCCCGCCCG TCTCTCTCTCTCTCTCTCTCTCTC 59 60 50.0 50.0 151 
AGACTGAAGAAATGGTTGCTG CGCTCAATAAGCAGATGCGG 57 61 42.9 55.0 214 
TCCTGGTATGTTCTGGGTTG TACAGGTGCACACACACAC 58 59 50.0 52.6 156 
CCGAGGCATTTAGAGATGCTG ACTCTGCGGGCAGGTAATC 60 60 52.4 57.9 249 
TCCCGGATAAGCAAACTAGC GACGAACCGACGAACAGAAC 58 60 50.0 55.0 232 
TGTGTTGATTGTGTCCAATTCC TCATCATTACCACTCTCACAAAGC 58 60 40.9 41.7 233 
TGCAATCGATCTGGGGAGG GGGTTAGGGTTAGGGTTAGGG 60 60 57.9 57.1 249 
TCTAGCCGCACCCAGAAAG GGGGTCCGTGAGAGTGATG 60 60 57.9 63.2 157 
TCTGAAGGGTGACGTGGTG AGGCAGGTTTGTTGTGTGC 60 60 57.9 52.6 165 
GAGTGAGCGCGTTATGGAC TCGTGTGTGTCTCTCTCGTG 59 60 57.9 55.0 214 
CATCGGCCATTACTCCAGTC ACGCCTATGGAATGACCCC 59 60 55.0 57.9 395 
ACACATTCATGTCACAGGTTGG ACAGAAGGCAGTACACCCC 60 60 45.5 57.9 224 
TGCTCATTTCGCAGATCTCTC GTTTTCAGCCTCTGCCACC 59 60 47.6 57.9 287 
CTGTGGACTGTGGAAAATCCG AGTGAGGGTACTGGGTTTGG 60 60 52.4 55.0 222 
AGAGAGCATTTTGATTGGAGTTG TGTAGTGTCAGCGTAGGGC 58 60 39.1 57.9 175 
TAAACGAATAGACGTCAGAAGACAG CTTGCTTTGTCGTATTGTATCTTG 59 57 40.0 37.5 168 
CCATTGGGTGAAACGGTCG TTCCTCAAGGGGACCTCAC 60 59 57.9 57.9 218 
ATGCGCAGAGCGTTTGAC GCCGTGCAGGACTACAAAAC 60 61 55.6 55.0 161 
TCAGCACCTTTTAAGGCTTTCC AGACAACAAGACAGACTGAGAG 60 58 45.5 45.5 216 
TTAGGGGCTGTACCTGCTG TGTGTGTGTGTGTGTGTGTG 60 60 57.9 50.0 181 
TCTCTAAAGCGGCCAGTCG TCGAGCCAATTTGCCACAC 60 60 57.9 52.6 226 
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Primer Annealing Temp. (oC) GC Percent Product   
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TGTTGCCAGGATGATTTTGAGG GCACTGCAAAACAGAGCAC 60 59 45.5 52.6 183 
GGAACCTCACAAATGTCCCC TGTTCTTGTGTTTTCCTTTCAGTC 59 59 55.0 37.5 158 
TCTCACACTCCGCTCACAC CGGTACGGTCGTCTCTCTC 60 60 57.9 63.2 201 
TCTCACACTCCGCTCACAC CTCGGTACGGTCGTCTCTC 60 60 57.9 63.2 203 
GTCTGACAACAGTCAACCTGC GTGCAAGTGAACCTAGGGC 60 59 52.4 57.9 183 
ACACTTAGACAGCAGCAACAC AGTGTCCCACTCACTTTGTAG 60 58 47.6 47.6 212 
AGCTGCTGATAAATCGGTTCC GCAACAACGCTTCAGTGTG 59 59 47.6 52.6 169 
GGTCGGTGGCGATGATTAC GAAACTGACCGGAGCGAAC 59 60 57.9 57.9 208 
GCAACTGAAAACAGATGCATTTAAC GCCACTGTAGTGCGCTATG 59 59 36.0 57.9 225 
ACCTGGAGTCTGTGTGTGG GTTTGCGGCTTGTCTGAGC 60 61 57.9 57.9 239 
AGACTGAAGAAATGGTTGCTG CGCTCAATAAGCAGATGCGG 57 61 42.9 55.0 214 
AGAGCTTTAGCCAGTTTGCG CCCAACACTGTGGCATCTC 60 59 50.0 57.9 201 
CTGGCTGCTGGAGAAAACC GTGTGTGTGTGTGTGTTCTTTAC 60 59 57.9 43.5 182 
AGGGTACCTCACAAATGTCCTC CTTCAGTGATGTGCCTGCTG 60 60 50.0 55.0 154 
TGGCACCAGTCACCATAGAC CGTGAAAGGACGAGGGTAG 60 58 55.0 57.9 150 
CTCCACCCTCGATACCACG AGCCCACTCCAAGTAGCAC 60 60 63.2 57.9 168 
CTAGCCCTCACAGGAGACTG TACGCCTATGGAATGTCCC 60 57 60.0 52.6 243 
ACAGAGACACTCCATTCCCAG AGATCCAGAGGTCAGTGTGTG 60 60 52.4 52.4 160 
TTAAACGCGCCTCTTTGGG ACCATGCCAAAGGATTATTTCAC 60 58 52.6 39.1 179 
GACGCTACGCATGTAGTGC GTGATGAGACGAGCTCCAG 60 58 57.9 57.9 174 
AATCATGGAAACCCAACGTG TTATGATGTCGTTGAAGAGATAGC 57 57 45.0 37.5 166 
TCCTCATGGACAAATGTGATGC GGTGAGTGATGTGTTGCCG 60 60 45.5 57.9 175 
GTGCAGTGAGAGAAAGCCC GTCCCATCAGCGCATGAAC 59 60 57.9 57.9 183 
GTGCAGTGAGAGAAAGCCC GTCCCATCAGCGCATGAAC 59 60 57.9 57.9 183 
TATTGACCCTCCACGGCAG TAGGTAGGGAAGGGACGGG 60 60 57.9 63.2 213 
ACAAATGCACTACCAGTCAAAAG CCAGTCACATGACCCTTCAG 59 59 39.1 55.0 195 
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GATTGCAGCAGAGGAAGCC GTGTGAGGTGTGTGTGTGC 60 60 57.9 57.9 174 
GCGTCTATATTTGGCTAATGCAC TTCTTCTTGTTGAGGGGAAAAG 59 57 43.5 40.9 212 
GCCTTGGGCTAATTTTCACC TGAACGGAGGTGGGATGC 58 60 50.0 61.1 250 
TGGAGTGTGAATGTGTACTTTATGG CCAACCTCCCAACTATCAATCTG 60 60 40.0 47.8 176 
TGTCTGCCGCTCACTCG CGAAAGAACGCTATTTAGACAGAATG 60 60 64.7 38.5 249 
GCTCCGGATGTAAACTCGC CGCGGGTTCTGGCTTAATG 59 60 57.9 57.9 217 
TGTGTTGATTGTGTCCAATTCC ATCATTACCACTCTCACAAAGC 58 57 40.9 40.9 233 
TCACAACAGAGGGTTCAGAG GGACGTCACAGGGGTGG 58 60 50.0 70.6 135 
CCAGATAACAAGCCTTAAATCAGTC ACGCCTATGGAATGTCCCC 59 60 40.0 57.9 106 
CCCATCCAAGTGCACACAC AATGACTGACCACCGCTCC 60 61 57.9 57.9 179 
TGAGTGACAAAAGAGATCAGATGG TTGGTCTGGTGGTGTGACG 59 61 41.7 57.9 153 
AAGAGTCAACACCCACGTC CTCTGCCTTTCTACTGCTCTG 58 59 52.6 52.4 188 
TTCAAGCAGGGAGTTGGGG TCTGTGCGTTTCTTTTGTAAAGTG 60 59 57.9 37.5 164 
TGACACAGCAAAGGGTCTG AGTGCACAAGTACCATTACGTC 58 59 52.6 45.5 202 
GCCCTCGTGATATTTGGGC GCTGATACGGTCACGTTCG 59 59 57.9 57.9 222 
AAGAAGCCGTGGGACAGAG AGTCAATGGACACCACAAACTG 60 60 57.9 45.5 212 
AGGCGGCTCTTACAGGAAC CAGAGATGAGCTGACCCCG 60 60 57.9 63.2 224 
GCCTGTTGGGATAGTGAAGAG GGACAGAAAACAACATACACAAATAGC 59 60 52.4 37.0 154 
GCCCTGGCTAGGATCAGAC CACACCACCAAACCCCAAC 60 60 63.2 57.9 199 
ACCAGCAGACACACGAGAG TCTAAAGTACGTCCGCTTCC 60 58 57.9 50.0 197 
ATCAGAGGGACGCATCCAG GGGGAGGCCTAGAGAGAG 60 58 57.9 66.7 250 
TGTGTTGATTGTGTCCAATTCC TCATCATTACCACTCTCACAAAGC 58 60 40.9 41.7 231 
TTCTAGGGCAGCAGAAGCG CACTCCTCGTCTCTCTCTCTC 61 59 57.9 57.1 177 
TGCCAGATCATCAGCTCCAG TCCAGTTGTACAGATCAGCAG 60 58 55.0 47.6 152 
CCCATCCAAGTGCACACAC AGGTTGCGAGTTCGAGTCC 60 61 57.9 57.9 168 
TCTGCTCATGTTGTTCCTAACC ATATACACACACACACACACAC 59 57 45.5 40.9 279 
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ACAGGAATCCGACAAGGGG TGGCATTTCAGGTCCTCCTC 60 60 57.9 55.0 191 
TGCACTTCAGTGGGAATGG CAGAAACTGTCCACAACCCC 58 59 52.6 55.0 203 
GATCAGACGGGCGTGTTTC TCGAGTTTGTGCTCTGCTG 60 59 57.9 52.6 157 
GATGAACAAAGGTTTTATGGGTTTG AGTGTCATCTCTATTCGTATGTAACC 58 59 36.0 38.5 206 
TGGTGCTGGTGTATCTTCTG GGGACATTTGGTTCCCCAC 58 59 50.0 57.9 101 
TGACATCAAAAGAACACTCAACC GGTTGTGAACAAACTTGCTGTG 58 60 39.1 45.5 177 
AGGATTCGCTGGACTCTGG TGAGTGTATTGCTGTAACATTGAG 60 58 57.9 37.5 170 
TTTTGCTCAAGCTCCGCC ACTCGCTATCATCGCCCTC 59 60 55.6 57.9 105 
AGGGTACCTCACAAATGTCCTC CTTCAGTGATGTGCCTGCTG 60 60 50.0 55.0 154 
TTGCGCACACATGAACCAC ATCAGGTGCTGGCTGAGAG 60 60 52.6 57.9 186 
ACCCTTTCCAACAATGACGATG ACGCCTATGGAATGTCCCC 60 60 45.5 57.9 180 
TGGACACAGCTGAAGCCAG TAACGGTAGCCGACACACG 61 61 57.9 57.9 155 
TGGATATGTTTGTAGCAATAGGC ACGCCTATGGAATGTCCCC 58 60 39.1 57.9 292 
CACGGTCTCCATTGTTCTGC GTCGCCGGAAGTCAAACAG 60 60 55.0 57.9 168 
TCAAGTAATTAATCAAGCATTCGGG CACGCTTTCCACATTGCAG 59 59 36.0 52.6 218 
AAGTGAGGAGATGTGTGGC GCTGACCACTGCTCTGGG 58 61 52.6 66.7 125 
GCCTCGTAACTACTGCTTGC TGTCAGATACATGCTGTTCTTCTG 60 60 55.0 41.7 169 
CCATGCAAGGTGTTCATGTC ACTCTCTCTCTCTCTCTCTCTC 58 58 50.0 50.0 213 
GGTCTTTCCCAAAGCATCCG AAGGCATCTTCCAGCAGGG 60 61 55.0 57.9 173 
ACCCCAGGACTATAAAGTGGG TGGGGACCTCACAAATGTC 59 58 52.4 52.6 164 
AGCCACAACAATGAAAATCAAACC CCAATACTAAGTGTGATTGGAGTCG 60 60 37.5 44.0 180 
GCGCTGGCATATTACAGGTG AGGAGTGACCGTGAGTAACC 60 60 55.0 55.0 181 
TCTTTATGTGGCTACAGCTTTG ATACAGACTTGAAGCAGAAGAAC 58 57 40.9 39.1 205 
AACAAGAGAAGCCGGGGAG GTGCATGTGTAGGAGAGAGTG 60 59 57.9 52.4 174 
AGTACGGAAGATGCTAGAGGC TGTGTGTGTGTGTGTGTGTG 60 60 52.4 50.0 235 
AATGTCGTCTTGGGTGGGG GGCTGAAACGTAAGGACGC 60 60 57.9 57.9 209 
CAATGCAATGGCTGACCAC AGTTGCTCTGCATTTAACCC 58 57 52.6 45.0 105 
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GGGGAATAAGGGAGTCTCGG ACACACACACACACACACAC 60 60 60.0 50.0 190 
TCATGGCTGATGCCGATAC TGCAGGACACAGTCCCAAG 58 60 52.6 57.9 199 
TGTTTACCATCTGGATTGGTTTC TGCAACAGCTGACGTACAC 58 59 39.1 52.6 198 
TCGATGTGTGTTAGCTGTTGG ACAGTGAGCAGAGCTGAGG 59 60 47.6 57.9 156 
GTGTCTGTGGTTGTCCTGC TAGCAGACTGAGCCCTAGC 59 59 57.9 57.9 221 
AATGTGTACATCTCATTCGCC AGAGAGAGAGTAGCTAGCACAAC 57 60 42.9 47.8 195 
ACGCCTGTCTGTCCTTCAG GTGTGTGTGAGTGTGTGACG 60 60 57.9 55.0 190 
GTTGCTCAGACGACGATGC TGCACACACACACACACAC 60 60 57.9 52.6 174 
CAACGGCTTGTGTAACGGG CACACAGGACACGGACATC 60 59 57.9 57.9 174 
AGGTGCATTGTGGGATCTTG ATGCCTATGGAATGTCCCC 59 57 50.0 52.6 159 
TGCTAATCTATCATTCCATCAATCG ACAGAACAATCAAACGACTAGACAG 58 60 36.0 40.0 221 
GTTGTTAGAGGGAGAGAAAGGC ACGTATACCCTAACCTACATACAC 59 58 50.0 41.7 243 
TCACAGGAAGGCTAAGTGG ACACACACACACACACACG 57 60 52.6 52.6 162 
GAGGCTGCGTTATTGGCTG CCGTTCGGTGCTTGTTGAG 60 60 57.9 57.9 243 
TGACATTAAGAGTGGAGTAACAGC GTAGCGTTGGTGTATGGCG 59 60 41.7 57.9 159 
TGAGGTAGATTGCCTGGGG TGCATTAGTACAGCGCAAAAC 59 59 57.9 42.9 174 
GTGGGGACATTTGTGAGGTC GCTTAATGGCTGTTAAACCTTCC 59 59 55.0 43.5 228 
TGTCTCATGTCACCTTCTCCC CAAAGCCTCGATGTCTGCC 60 60 52.4 57.9 214 
TCTGCTAATCTATCATTCCATCAATCG ACAGAACAATACAAACGACTAGACAG 60 60 37.0 38.5 223 
TGGTGCGAGGACCCTATTG GGCATTACGTTAGGTGGCG 60 60 57.9 57.9 226 
AGCAACAGCCGAAATGTGC ACGTATCTGTACTGTGTGTGTATC 61 59 52.6 41.7 181 
TGGCTGGTAAGCCCAAGG TGTTGTACTGTGTTTCTCTGATGC 60 60 61.1 41.7 231 
CACACACACGGACACACAC TGCTGCTCACCCTGAACC 60 60 57.9 61.1 231 
AGCGTACGAAGGCCAGAG GGACCTCACAAATGTCCCAC 60 59 61.1 55.0 208 
TGTCAATATGGGCTGCTGTG TTTGTGAGGACCCCGTGAG 59 60 50.0 57.9 177 
CACTGCTCGTCTTTGGGTG GGTTCTTCCATACAGATGCCG 60 60 57.9 52.4 239 
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Appendix 4. PCR amplification result for locus some locus in H. siamensis (S24, 
S23, S2) and in H. Lobatus (L21, L16, L13), M is Hyperladder IV, 1-29 is individual 
sample 
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Appendix 5. BLASTn search result in H. siamensis 
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Appendix 6. H. siamensis pair wise Dest estimation (below diagonal) and pair wise Dc estimate from microsatellite data 
 
BB BP CD CN KB KC KT NK MD PP SM SR ST UB 
Battambang, BB -- 0.46 0.30 0.38 0.50 0.33 0.28 0.46 0.48 0.35 0.35 0.46 0.34 0.33 
Bokeo_Province, BP 0.13 -- 0.48 0.48 0.58 0.43 0.43 0.52 0.55 0.44 0.41 0.49 0.45 0.45 
Chau_Doc, CD 0.00 0.11 -- 0.44 0.55 0.37 0.31 0.50 0.52 0.40 0.38 0.45 0.37 0.36 
Chainard, CN 0.05 0.10 0.11 -- 0.48 0.40 0.39 0.48 0.49 0.45 0.45 0.49 0.44 0.41 
Kanchanaburi, KB 0.22 0.30 0.31 0.24 -- 0.51 0.51 0.35 0.61 0.57 0.53 0.58 0.56 0.52 
Kampong_Chhnang, KC 0.00 0.05 0.00 0.01 0.17 -- 0.33 0.47 0.53 0.41 0.40 0.48 0.36 0.38 
Kampong_Thom, KT 0.00 0.07 0.00 0.09 0.27 0.00 -- 0.45 0.51 0.37 0.35 0.45 0.35 0.35 
Nongkhai, NK 0.14 0.22 0.19 0.22 0.00 0.08 0.17 -- 0.60 0.51 0.49 0.52 0.49 0.48 
Mukdahan, MD 0.25 0.23 0.28 0.26 0.47 0.27 0.30 0.46 -- 0.49 0.52 0.57 0.52 0.47 
Phnom_Penh, PP 0.05 0.01 0.06 0.10 0.37 0.03 0.06 0.20 0.18 -- 0.40 0.49 0.43 0.41 
Songkram, SM 0.06 0.01 0.04 0.12 0.32 0.02 0.06 0.18 0.21 0.03 -- 0.50 0.39 0.36 
Siem_Reap, SR 0.00 0.01 0.00 0.01 0.20 0.00 0.01 0.07 0.25 0.02 0.02 -- 0.47 0.50 
Strung_Treng, ST 0.03 0.12 0.06 0.18 0.36 0.02 0.06 0.21 0.28 0.11 0.08 0.02 -- 0.39 
Ubon_Ratchathani, UB 0.06 0.10 0.08 0.15 0.29 0.02 0.10 0.20 0.29 0.09 0.06 0.08 0.11 -- 
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Appendix 7. H. lobatus pair wise Dest estimation  
 
CR NK SM MD UB TS CD CN 
Chieng_Rai, CR  -- 0.064 0.012 0.032 0.04 0.156 0.005 0.18 
Nongkhai, NK 0.064 -- 0.013 0.031 0.093 0.082 0.045 0.254 
Songkram, SM 0.012 0.013 -- 0.067 0.054 0.093 0.029 0.203 
Mukdahan, MD 0.032 0.031 0.067 -- 0.035 0.006 0.001 0.125 
Ubon_Ratchathani, UB 0.040 0.093 0.054 0.035 -- 0.103 0.051 0.119 
Tonle_Sap, TS 0.156 0.082 0.093 0.006 0.103 -- 0.104 0.184 
Chau_Doc, CD 0.005 0.045 0.029 0.001 0.051 0.104 -- 0.177 
Chainard, CN 0.180 0.254 0.203 0.125 0.119 0.184 0.177  -- 
218 
 
 
